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ABSTRACT 


Investigation  of  the  feasibility  of  using  endothermic  reactions  of 
hydiocarbona  to  augment  the  latent  and  sensible  heat  of  fuels  f r *  cooling 
engines  operating  under  a  high  mach  number  regime  is  continuing.  The  litera¬ 
ture  continues  to  maintain  the  desirability  and  feasibility  of  produeijig 
vehicles  with  hypersonic  flight  sj>eedB;  some  area a  of  advantage  for 
hydrocarbons  are  suggests. 

"•  'The  dehydrogenation  of  Decalin  over  a  platinum/AlWOg  catalyst  has 
been  ctudied  extensively  on  a  laboratory  scale  covering  the  temperature 
region  up  to  1200 *F  and  pressures  to  10  ataia,  in  both  once  through  and 
differential  systcmsi \in  order  to  provide  kinetic  data  for  the  construction 
of  a  mathematical  model. -.Studies  on  the  thermal  reaction  of  SHELUfNE  and 
its  hydrogen  treated  derivative  Indicate  that  the  hydrogen  treating  increased 
the  stability  by  a  factor  of  1500  (the  reactivity  of  SHELLDTNE-H  is  about  the 
same  as  that  of  Decalin). 

^Production  of  catalysts  uadai^-our-eatatyst-  development  program  have 
turned  up  a  number  of  the  536  catalysts  examined  that  are  more  active  than  I 
put  standard  Pt/Al^Cg1  catalyst,  but  no  breakthrough  in  either  activity  or 
cost  has  been  achieved.  Further  testing  has  shown  that  catalysts  which 
demonstrate  Improved  activity  with  MCH  do  the  name  with  Decalin  and  has 
confirmed  the  observation  that  imprc.ed  catalyst  stability  is  associated  with 
small  pore  else.NOur  efforts  to  reduce  the  heat  transfer  and  pressure  drop 
problems  inherent  yin  a  bed  catalyst  by  applying  the  cataly.  «  to  the  wall  of 
the  heat  exciange  tube  have  met  with  some  success.  Studies  on  molecular  and 
dispersed  catalysts  are  underway.  A  pulse  reactor  to  be  used  in  this  study 
has  been  successfully  operated  with  MCH. 

^Heat  transfer  studies  in  a  simulated  single  tube  fuel  system  have 
confirmed  the  mathematical  model  for  the  catalytic  dehydrogenation  of  MCH  up 
to  a  heat  flux  of  600,000  Ptu/hr/sq  ft.-xThey  also  indicate  the  necessity  for 
catalysts  of  higher  activity  and  stability  such  as  are  available  from  our 
catalyst  development  program.  Heat  transfer,  studies  with  nonreactive  cooling 
to  be  applied  with  a  regenerative  ramjet  indicate  maximum  temperature  limits 
of  1350*F  for  tube  wall  and  1150*F  for  the  fluid.  A  maximum  heat  flux  of 
6°  x  10®  Btu/hr/sq  ft  has  been  achieved  to  date*  Satisfactory  correlations 
of  the  Dittus/Boelter  type  have  been  developed  for  the  super  critical  region 
but  are  lens  satisfactory  in  the  critical  and  •mbcrltical  regions. 

\ 

In  studying  the  effect  of  environment  on '■the  thermal  stability  of 
Decalin  at  600*F,  it  was  found  that  exposure  to  high,  surface  areas  of  iron, 
copper  and  chromium  had  a  deleterious  affect  which  coptld  be  largely  controlled 
with  MDA.  y 

SHE LIUT NE-H  was  found  to  have  a  satisfactorily  short  ignition  delay 
in  shock  tube  studies  compared  to  other  hydrocarbon  systems.  An  Interesting 
"double  delay"  behavior  was  observed  with  SHFLIDYNE  itself.  *lhe  thermodynamic 
and  transport  properties  of  trans-Decalln,  SHZXtryMi  and  JP-7  and  a 
bibliography  of  resent  literature  of  interest  are  included. ^  j  , 
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WKRI2IM3  AND  ENDOTHTOJflC  FUELS  FOR  ADVANCED  END  I  ME  APPLICATION 


Introduction 

The  objective  of  this  study  Is  to  provide  the  Information  necessary 
for  specifying  fuels  vhich  will  be  capable  of  providing  cooling  and  propulsion 
for  engines  powering  aircraft  In  the  speed  range  above  ttech  The  fuel  will 

provide  cooling  by  giving  up  its  latent  and  sensible  heat  and  by  undergoing 
endothermic  reactions  before  it  is  fed  Into  the  engine  as  vaporised  fuel. 
Practically,  this  could  be  in  the  temperature  range  up  to  about  1400*F,  In 
order  for  the  fuel  to  function  in  this  manner,  it  must  have  excellent  thermal 
stability  up  to  the  temperature  at  which  reaction  occurs  and  also  in  the  post¬ 
reaction  portion  of  the  heat  exchanger,  to  avoid  fouling  problems.  Work  under 
early  Air  Force  contracts  served  to  establish  many  of  the  parameters  vhich 
obtain  in  delineating  the  boundaries  of  the  problem.  Work  was  done  under  our 
previous  contract 1-3 '  to  define  more  closely  the  advantages  sod  limitations 
for  the  application  of  hydrocarbon  fuels.  In  that  contract  it  was  intended  to 
develop  specifications  for  a  fuel  or  fuels  which  could  be  utilised  for  advanced 
engine  application  and  to  design  methods  and  equipment  for  testing  the 
properties  of  such  a  fuel. 

In  order  to  allow  precise  definition  of  the  fuel,  we  studied  various 
problems  that  could  arise  in  several  parts  of  the  fuel-combustion  system. 

These  included  thermal  stability  problems  which  could  originate  in  the  fuel 
tanks  or  In  the  various  metering  devices  and  fuel  lines;  deposition  or  coking 
problems  vhich  could  affect  the  efficiency  of  heat  exchanger-reactor  devices 
and  catalysts,  or  plug  fuel  nosales;  and  combustion  parameters  which  could 
affect  the  design  or  operation  of  the  combustion  chambers.  In  order  to  provide 
a  sound  basis  for  the  selection  or  rejection  of  fuels,  we  endeavored  to  relate 
the  various  phenomena  observed  to  the  physical  and  chemical  properties  of  the 
fuels  studied. 

The  problem  areas  and  approaches  used  were  broken  down  in  the 
following  manner:  ve  improved  a  previously  designed  coker  apparatus  to  permit 
it  to  be  used  to  study  the  thermal  stability  of  possible  fuels  and  components 
at  temperatures  up  to  900*F.  Ve  studied  possible  thermal  and  catalytic  reac¬ 
tions  in  laboratory  scale  equipment  in  order  to  test  the  reactivity  of  fuels 
and  tiie  suitability  of  selected  catalysts.  The  heat  sinks  available  in  the 
hydrocarbons  tested  were  calculated  from  thermodynamic  properties  of  the 
reactants  and  products.  A  fuel  system  simulation  test  rig  (FSSTR)  was  con¬ 
structed  and  used  to  provide  data  on  hydrocarbon  systems.  A  computer  program 
for  simulating  the  behavior  of  a  packed  bed  reactor  was  modified  to  accept  and 
correlate  the  results  obtained  in  the  fuels  system  simulator.  The  subsonic 
combustion  properties  of  selected  fuels  and  reaction  products  were  observed  in 
a  small  scale  combustor  while  tlic  ignition-delay  behavior  of  the  same  fuels 
and  products  was  studied  in  a  single-diaphragm  shock  tube  to  give  an  Lmllcation 
of  supersonic  combustion  properties. 
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Studies  done  voider  the  previous  contract  Indicated  the  general 
feasibility  of  the  endothermic  reaction  approach,  particularly  the  utilisation 
of  catalytic  dehydrogenation  reactions.  Our  beat  results  hare  been  achieved 
vlth  the  platlnum/alumina-metliylcyelohexane  combination.  With  this  combina¬ 
tion,  the  possibility  of  achieving  the  original  conceptual  goal  of  2000  Btu 
per  pound  of  fuel  total  heat  sink  seems  possible.  The  importance  of  restrict¬ 
ing  the  oxygen  content  to  very  low  levels  to  reduce  heat  exchanger  problems 
vsa  also  Indicated.  Operations  with  the  fuel  system  simulation  test  unit 
(FSSTH;  have  provided  valuable  data  for  heat  exchanger  design  calculations 
and  demonstrated  the  possibility  of  high  space  velocity  and  long  catalyst 
life  wit ,  the  MCH  system.  Limitation  of  thermal  cracking  of  hydrocarbon*  to 
*  relatively  low  heat  sink  of  about  500  Btu  per  pound  due  to  hydrogen  transfer 
reaction  vaa  demonstrated.  The  mathematical  model  for  the  cylindrical  axial 
flow  reactor  was  found  to  be  adequate  to  the  extent  of  Its  present  develop¬ 
ment.  The  combustion  studies  suggest  that  the  possibilities  of  burning  the 
proposed  feed  materials  and  the  products  of  their  dehydrogenation  under  both 
subsonic  and  supersonic  combustion  conditions  are  promising. 

Under  the  present  contract  w*  are  continuing  and  extending  the  work 
done  under  the  previous  contract  with  some  changes  In  emphasis.  Ve  are  con¬ 
tinuing  to  survey  the  pertinent  literature  and  will  issue  bibliographies  from 
time  to  time.  Vs  vill  continue  to  consider  various  feed  materials  which 
might  be  useful  in  this  application  and  assess  the  probability  of  their  being 
successful  candidate  materials.  Such  candidates  are  screened  in  our  «— n 
seal*  equlpoent  for  reactivity  and  effect  on  catalyst  life  and  their  thermal 
stability  under  heat  exchange  conditions.  Successful  candidate  materials  are 
tested  with  Improved  catalysts  and  also  under  larger  scale  conditions  as 
represented  by  our  fuel  system  simulation  test  rig. 

In  the  previous  contract  only  s  limited  msnber  of  catalysts, 
selected  for  their  probable  activity,  were  tested  with  *  variety  of  feed 
materials.  The  reactions  of  Interest  in  that  program  Included  dehydrogena¬ 
tion,  defaydrocyellsation  and  depolymerisatlon.  In  the  present  program  we  are 
conducting  an  extensive  catalyst  development  program  for  new  catalysts  for 
these  types  of  reactions.  This  Involves  the  snail  scale  preparation  of  a 
wide  variety  of  catalysts  In  which  catalytic  elements  (e.g.,  transition 
metals)  are  deposited  on  substrates  and  modified  by  a  variety  of  noncatalytlo 
elements  such  as,  for  example,  the  alkalies,  alkaline  earths,  and  halogens. 
Other  catalysts  are  prepared  containing  metallic  oxides  and  acidic  sites. 

Such  catalysts  are  tested  Initially  In  a  small  scale  apparatus  ("micro  scale 
catalyst  test  reactor",  MI  CM)  which  allows  rapid  screening  with  standard 
feed  materials  such  as  MCH,  n- heptane  and  tetraisobutylene.  In  addition  to 
the  attempt  to  prepare  superior  conventional  type  catalysts  la  which  catalytic 
materials  are  mounted  on  substrate  granules,  attempts  are  being  made  to 
prepare  noncocvent ional  catalysts  In  which  the  catalytic  material  is  mounted 
in  a  special  way  designed  to  minimise  pressure  drop,  or  is  previously  dispersed 
in  the  feed  material,  or  Is  formed  by  decomposition  in  the  heated  tone.  Such 
nonconventlonal  catalysts  are  tested  with  MCH  in  a  variety  or  equipment  prior 
to  being  used  with  other  feed  materials  developed  as  a  result  of  the  program 
mentioned  above. 

The  computerised  mathematical  model  mentioned  above  has  been 
carried  to  the  point  where  good  representation  of  the  FSSTR  experimental 
results  was  possible  with  different  else  tubes  and  catalyst  dispositions  and 
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variable  beat  flux  and  temperatures  along  the  tube  length.  Difficulty  vaa 
encountered  In  representing  different  tube  lengths,  UEV's  end  beat  fluxes 
but  this  appears  to  have  been  resolved .  The  program  will  eventually  Include 
latent  and  sensible  beat  sinks  both  before  and  after  the  reaction  tone,  and 
the  meting  of  a  reactor-exchanger  with  a  heat  source  such  as  a  combustor  or  a 
leading  edge.  This  latter  step,  of  course,  will  require  collaboration  with 
engine  manufacturers  who  are  working  an  the  combustor  design  part  of  the 
overall  program. 

Extension  of  the  program  towards  an  aircraft  system  requires  that 
considerably  more  work  be  done  on  the  supersonic  combustion  aspects  of  the 
problem.  Ve  are  continuing  our  studies  in  the  shock  tube  with  high  molecular 
weight  fuels  end  their  dehydrogenation  products,  fuels  utilised  by  engine 
companies  may  also  be  examined  in  the  shock  tube  to  obtain  correlation  with 
the  results  observed  by  then  In  their  laboratory  studies.  Ve  also  contemplate 
completing  our  work  on  the  examination  of  sub  sonic  combustion  In  the  small 
burner  developed  under  the  previous  contract  with  the  additional  feature  of 
obtaining  quantitative  data  on  the  radiation  omitted,  as  a  function  of  fuel 
composition  and  burner  conditions. 

An  important  consideration  in  any  system  which  attempts  to  use  the 
fuel  for  cooling  is  the  thermal  stability  of  the  fuel  In  the  exchanger  portion 
portions  of  the  fuel  system.  In  our  previous  contract  ve  used  the  SD  Coker 
for  evaluating  the  th.  rami  stability  both  of  feeu  material  and  of  products 
produced  by  both  thermal  end  catalytic  reactions.  Examination  of  the  products 
suffers  from  the  serious  deficiency  that  inevitably  a  time  lapse  and  some 
handling  has  to  occur,  before  the  products  of  reaction  are  tested,  Ve  have 
therefore  constructed  a  new  piece  of  equipment  under  the  present  contract 
for  establishing  a  standard  test  for  both  catalysts  and  fuels.  This  unit, 
called  the  Catalyst  and  Fuel  Stability  Test  Rig  (CAFSTR),  permits  simulation 
of  the  thermal  environment  and  representative  contact  times  all  the  way  from 
the  fuel  tank  to  the  engine  Inlet.  Fuels  will  be  tested  U6ing  a  standard 
catalyst,  while  catalysts  will  be  tested  using  a  standard  fuel. 

Specific  support  la  also  being  furnished  to  contractors  in  the 
cooling  program.  This  support  consists  of  consultation  with  respect  to 
problems  encountered  in  the  study  programs,  the  furnishing  of  technical  data 
required  for  the  solution  of  design  problems  or  for  the  carrying  out  of 
experimental  Investigations. 
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Work  to  bring  our  knowledge  of  the  Deoalln  system  up  to  that  we 
have  of  MCH  has  continued .  Because  of  the  exlatenoe  of  two  isomers  In  the 
feed  and  the  two-atep  nature  of  the  dehydrogenation,  the  Deoalln  system  la 
oanalderahly  acre  complicated  than  MCH.  IClnetlo  data  has  been  obtained  in 
diluted  beds  end  under  recycle  ocndltlone  allowing  for  eanplstiom  of  a 
mathematical  nod el  for  the  system. 

The  thermal  reactivity  of  the  high  density  fuel,  SHEUDIKE,®  and 
the  effect  of  hydrogen  treatment  on  this  reactivity  has  been  studied  In  our 
bench  scale  reactors.  3HELLDTNI  was  studied  over  the  temperature  range  770 
to  9bo*F  at  pressures  up  to  10  atms.  The  thermal  reactivity  Increased  with 
both  temperature  and  contact  time.  In  the  all  metal  system  used,  SHELUDYNE 
was  found  to  be  quite  reactive  leading  to  coking  at  the  higher  contact  times 
and  temperatures;  pressure  had  little  effect.  Hydrogen  treating  gave  a  much 
acre  thermally  stable  product  as  was  evidenced  In  studies  covering  the 
temperature  range  1022  to  1202*?  and  pressure*  to  10  atms.  It  la  estimated 
that  SKEL1DTNE  Is  I500  times  as  reactive  as  the  hydrogen- treated  material. 

In  both  oases,  the  different  Isomers  had  different  rates  of  reaction. 
SH2HDXKE  H  vas  found  to  be  only  slightly  more  reactive  than  Deoalln. 

Testing  of  catalysts  prepared  under  our  catalyst  development  program  has 
continued.  The  general  procedure  la  to  screen  the  catalysts  rapidly  with 
MCH  aa  the  test  fluid,  examining  promising  catalysts  more  extensively  under 
bench  scale  conditions  with  MCH  and  if  they  are  still  favorable,  utilise 
Deoalln  as  s  further  test  fluid.  A  group  of  six  catalysts  that  appeared 
promising  under  bench  scale  conditions  vith  MCH  have  now  been  tested  further 
with  Deoalln.  Out  of  this  study  has  odtoe  a  number  at  catalysts  of  Improved 
activity  anl  stability  with  both  MCH  and  Deoalln."  Further  evidence  that  the 
stability  of  the  catalyst  Is  related  Inversely  to  the  pare  size  of  the  support 
have  been  obtained.  An  additional  five  catalysts  which  had  appeared  premising 
under  micro  scale  test  conditions  have  been  evaluated  In  bench  socle  reactor 
testing.  On  the  basis  of  preliminary  work  two  of  the  catalysts  appear  12  and 
1 6f  mare  active  than  the  standard  catalyst.  Additional  catalysts  have  also 
been  prepared  and  submitted  to  micro  scale  testing.  The  total  mmber  at 
catalysts  prepared  under  our  program  or  obtained  from  proprietory  or  commer¬ 
cial  sources  now  stands  at  536.  During  this  period,  the  effect  of  neutral¬ 
ising  the  platinising  solutions  with  different  acids  has  been  Investigated 
with  some  favorable  effects  noted.  Although  most  of  the  catalysts  prepared 
have  less  activity  than  the  standard  material,  twelve  new  materials  have 
been  found  this  quarter  which  are  more  active.  One  Interesting  case  of  a 
bimetallic  system  has  been  found  In  which  the  synergistic  effect  of  an 
inactive  metal  on  a  slightly  active  metal  has  been  observed .  Attempts  have 
also  been  msde  to  find  catalysts  which  will  be  active  for  the  dchydrocyclo- 
lisetlan  of  n- heptane  to  toluene  to  take  advantage  of  the  additional  beat 
sink  avail  able  In  this  way.  Seme  moderately  active  catalysts  were  discovered 
but  none  of  sufficient  activity  to  serve  the  purpose.  Cracking  was  a  common 
aide  reaction. 

Mars  success  has  been  had  with  attempts  to  develop  a  nonocmventlonal 
configuration  in  which  the  catalyst  is  attached  to  the  heat  exchanger  tube 
wall.  Considerable  experimental  work  has  been  done  to  develop  ways  of  getting 
good  bonding  to  the  metal  surface  without  destroying  the  good  catalytic 
activity  of  the  basic  catalyst  formulation  and  developing  e  technique  far 
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applying  the  coatings  to  the  inside  surface  of  tubes.  This  seems  to  have  been 
satisfactorily  solved  and  a  number  of  tubes  were  prepared  with  coating  thick¬ 
nesses  ranging  from  5.5  to  13  nils.  In  the  area  of  developing  particulate  or 
molecularly  dispersed  catalysts,  a  number  of  possible  compounds  have  been 
prepared  or  purchased.  These  will  be  tested  out  in  two  different  types  of 
apparatus,  an  injection  autoclave  and  a  pulse  reactor.  Preliminary  work  In 
the  latter  has  turned  up  three  model  compounds  that  show  some  activity  with 
MCH  in  this  node  of  application. 

Work  on  the  development  of  mathematical  models  to  represent  both 
reactive  and  nonreactive  heat  sink  situations  has  continue! .  Difficulties 
in  the  development  of  a  satisfactory  model  to  represent  tue  Decal  in  system 
In  which  dehydrogenation  to  tetralln  and  naphthalene  occurs  necessitated 
the  acquisition  of  additional  kinetic  data  under  low  conversion  conditions. 
Also,  the  regenerative  heat  exchanger  model  for  nonre active  cooling  has 
required  continual  modification  to  represent  experimental  results.  It  now 
appears  satisfactory  in  the  wiper-critical  region  but  not  below. 

Physical  and  transport  properties  for  SHELIDTNe',  a  typical  JP-T  and 
trans-Dec.nl  in  have  been  calculated  using  the  presently  best  regarded  computa¬ 
tion  systems.  These  data  are  included  in  this  report  and  have  been  trans¬ 
mitted  to  Interested  investigators.  A  15 00  gallon  batch  of  Decalln  has  been 
purified  by  sllioa  gel  treatment. 

The  experimental  study  far  very  high  heat  flux  conditions  in  support 
of  the  nonreactlve  cooling  program  has  been  continued  using  heat  exchange 
systems  made  up  01  four-  and  six-inch  lengths  of  26.5  mil  ID  tubing  in  the 
modified  FSSTR  (the  "aiinl-FSSTR")  •  Six  sections  have  boon  constructed  to 
date,  all  basically  of  the  same  design.  These  have  been  utilised  in  a  series 
of  tests  with  nitrogen,  MCE,  and  water  as  the  test  fluids.  'Operating  at  flow 
rates  up  to  14  x  lo*  lbs/sq  ft/hr,  a  heat  flux  of  up  to  8  million  Btu/br/sq  ft 
waa  achieved  with  a  maxlmvm  outlet  temperature  of  about  900*F  and  a  maximum 
inlet  pressure  of  1000  psi .  Plugging  and  burn-out  conditions  were  reached 
during  acme  of  these  experiments,  however,  in  only  one  oase  due  to  coking. 

«i 

Efforts  to  develop  a  simple  and  reproducible  method  of  rating 
deposits  on  CAFSTR  tubes  has  been  continued.  Methods  favored  Include  solvent 
removal  of  deposits,  combustion  and  electron  reflection.  A  large  group  of 
selected  solvents  were  tested  far  their  effects  on  deposits  formed  from 
Decalln  and  Jet  fuel  in  the  ASTM  coker,  heating  tne  solvent  at  100*C  for  one 
hour.  The  only  promising  solvent  found  waa  dimethylformamide  which  appeared 
to  be  capable  of  removing  substantially  all  the  deposit  although  two  treat¬ 
ments  arc  required.  Some  results  cm  other  methods  of  rating  have  been 
obtained. 


The  SD- coker  has  been  'Modified  to  maintain  the  feed  aide  of  the 
system  at  system  pressure  so  that  the  Zenith  pump  utilized  serves  merely  as 
a  metering  device,  thus  avoldlrg  the -occurrence  of  pump  wear.  This  system 
Beams  to  be  performing  quite  satisfactorily.  Hydrogen  treating  SHUJDYNE 
Improved  its  stability  substantially.  Examination  of  the  effect  of  powdered 
metals  in  Decalln  revealed  the  combination  Fe/MDA  -or  be  very  deleterious . 

Indications  of  the  supersonic  combustion  uehavior  of  three  possible 
high  density  fuel  components  have  been  obtained  by  measuring  ignition  delays 
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In  the  single  diaphragm  obook  tube  at  temperatures  to  2600*F  and  25  pala 
pressure.  The  order  of  dooreasing  ignition  delay  found  W30  dimethano-Decalin 
■  ShELU/IKI,  octane,  SHELLDYNF  H.  All  fuels  had  about  the  same  energy  of 
activation  of  combustion  (to  kcal) .  SHELIDYKE  showed  a  peculiar  "double- 
delay"  behavior  vioh  so  far  remains  inexplicable. 

Considerations  Affecting  Applications 

An  Interesting  paper  has  recently  been  published  by  Ferri4)  (Review 
of  So ramjet  Propulsion  Technology)  which,  although  directed  towards  the  use 
of  Ifla  fuel,  and  the  combustion  process  rather  than  cooling,  has  seme  perti¬ 
nent  points.  He  points  out  the  importance  of  good  cooling  since  the  maximum 
pressure  rise  aoross  the  oombustor  In  the  absence  of  separation  depends 
strongly  on  the  wall  temperature  in  the  region  of  separation.  He  notes  that 
the  most  severe  cooling  and  heat  requirements  occur  in  the  burner.  Good 
burner  design  requires  that  the  values  of  both  the  heat  that  must  be  removed 
and  the  maximum  heat  transfer  coefficient  abould  be  minimized  but  at  the  same 
time  the  engine  vail  thickness  must  be  kept  within  practical  limits.  His 
remarks  emphasize  the  necessity  to  extend  our  knowledge  of  ooollng  techniques 
to  the  uuaost  in  order  to  develop  ooollng  systems  of  great  flexibility  that 
will  not  unduly  constrain  the  engine  designer. 

An  Interesting  application  of  the  endothermic  reaction  principle 
can  be  made  in  the  case  of  ablative  thermal  protective  systems.  This  would 
involve  incorporating  Into  the  material,  a  mixture  of  a  high  boiling  naph¬ 
thene  and  a  finely  divided  supported,  or  moleoularly  dispersed,  dehydrogena¬ 
tion  catalyst.  As  the  material  heated  up  as  the  vehicle  entered  the  atmos¬ 
phere,  one  of  the  early  reactions  that  would  take  place  would  be  the  dehydro¬ 
genation  of  the  naphthene  to  an  aromatic  and  hydrogen  with  the  resulting 
ejection  of  the  latter  from  the  solid  or  liquid  layer.  As  explained  by 
E.  V.  Ungar3)  the  heat  transfer  rate  at  the  gas  interface  la  substantially 
reduced  from  the  usual  value  by  gas  Injection.  He  noted: 

"Injection  of  gas  into  the  boundary  layer  cools  the  gas 
adjacent  to  the  surface  and  thickens  the  layer,  thus  reducing 
heat  transfer  rates.  The  effectiveness  of  the  injected  gas 
in  reducing  heat  transfer  increases  as  the  molecular  weight 
of  the  injected  gap  is  decreased.  Figure  5  (lA)  shows  the 
reduction  in  heat  transfer  rate,  as  measured  by  the  Stanton 
number,  as  the  injection  rate,  as  measure!  by  the  blowing 
parameter,  is  increased.  The  Stanton  number  (St)  is 
defined  by 


St  s  q[peue(lh)] 

where  q  is  the  heat  flux;  p*  io  the  density  at  the  edge  of 
the  gas  boundary  layer;  u^  is  the  velocity  at  the  edge  of 
the  gas  boundary  layer;  and  Ah  is  the  difference  between 
the  "as  recovery  enthalpy  and  gas  enthalpy  at  the  tempera¬ 
ture  of  the  vail.  The  injection  rate  aa  measured  by  the 
blowing  parameter  is  the  ratio  of  the  mass  injection  rate 
to  the  product  of  the  strecmvlse  mass  flux  and  the  Stanton 
number  without  gas  injection.  Curves  are  shown  for  the 
injection  of  air  into  air  and  hydrogen  into  air  for  both  a 
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laminar  stagnation  point  {3)  and  flat  plate  without  gas- 
phase  reactions  (4).  In  addition,  an  experimental  curve 
is  shown  for  air-air  with  turbulent  flow  on  a  flat  plate 
(5).  Thus  (i)  the  heat  transfer  rate  reduction  is  large 
in  all  oases,  (ii)  hydrogen  reduces  the  heat  transfer  rate 
more  than  air,  end  (iii)  turbulent  boundary  layer  flow 
reduces  the  effectiveness  of  gas  Injection. 

"The  efficiency  of  an  ablative  materiel  ia  frequently 
measured  by  the  effective  heat  of  ablation  defined  by 

Heff  b  qoiffl 

where  Heff  is  tho  effective  heat  of  ablation,  and  q0  is  the 
heat  transfer  to  a  nonablating  surface  at  temperature  Tw. 

The  effective  heat  of  ablation  includes  gas-injection  effects. 

Tho  effective  heat  of  ablation  is  strongly  dependent  on  the 
exposure  conditions  as  a  result  of  the  factors  discussed 
above.  Far  illustration,  Fig.  6  (lB)  shows  the  effective 
heat  of  ablation  of  ice  as  a  function  of  the  external  temper-" 
ature.  The  curves  were  computed  at  three  pressures  by 
Roberta  (6)  to  show  the  effect  of  boiling  point.  The  various 
components  of  effective  heat  of  ablation  are  shown  on  the 
figure.  It  is  clear  that  vaporization  is  the  dominant  factor 
and  that  the  effectiveness  of  ice  improves  dramatically  with 
increasing  external  temperature.  At  the  leading  edge  of  the 
vehicle,  the  external  temperatures  shown  In  Figv  6  TlB)  are 
equivalent  to  the  stagnation  temperatures  shown  in  Fig.  1. 

The  increase  in  effective  heat  of  ablation  with  severity  of 
environment  is  a  desirable  characteristic  which  is  generally 
common  to  gas -producing  ablators.  To  carry  the  illustration 
further,  the  previously  mentioned  flight  condition  of  6  to/ 
sec  at  an  altitude  of  30  to  would  lead  to  an  effective  heat 
of  ablation  in  excess  of  1200  calories  per  gram  if  the 
vehicle  utilized  ice  as  a  heat  shield." 

Another  method  of  application  of  thiB  same  principle  could  be 
achieved  by  selection  of  the  proper  plastic  for  the  fabrication  of  the  thermal 
protection  system.  In  this  case,  a  plastic  is  selected  containing  naphthene 
rings  as  an  integral  part  of  the  molecular  structure.  For  instance,  such  & 
plastic  might  be  polymerized  cyclohexylethylene,  (i.e,,  hydrogenated  poly¬ 
styrene).  Into  this  would  be  incorporated  a  finely  divided  or  molecular ly 
dispersed  dehydrogenation  catalyst.  When  this  layer  heated  up  the  initial 
reaction  would  be  to  dehydrogenate  the  cyclohexyl  rings  giving  a  very  effec¬ 
tive  ablative  system,  since  as  Ungar  explains  in  the  section  quoted  above, 
hydrogen  is  a  very  effective  gas  in  reducing  the  heat  transfer  at  the  ablating . 
surface. 


An  interesting  comparison  between  the  performance  of  various  fuels 
has  been  made  by  Amin  and  Holder®)  in  a  paper  entitled  ''Performance  Comparison 
of  Qun-Laur.ched  Scramjets  for  Various  Fuels".  The  fuels  compared  are  kerosene, 
triethyl  aluminum  (TEA),  liquid  hydrogen,  and  SHELLDYNB.  Bie  author  used 
the  following  parameters  for  the  scraajet  engine  powered  gun-launched  vehicle: 
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SCRAMJET  ENGINE  PARAMETERS  USED  TS 


CALCULATE  PERFORMANCE 

Parameter 

Value 

Intake  area  ratio, 

Intake  efficiency,  K^a> 

12.3 

0.94 

Fuel  total  pressure,  psf 

200,000 

Eiiel  total  temperature,  *R 

550 

Downstream  fuel  injection  angle,  deg 

45 

Combustor  area  ratio,  A5/a3 

Average  pressure  factor, 

3.5 

1 

Exit/inlet  area  ratio,  kj/kx 

1 

a)  K<i  "b  *proceGu  efficiency"  ■  (h3  -  h')7  * 

(ha  -  hx)  where  the  superscript  prime  denotes 
conditions  obtained  when  the  air  at  station 

3  is  expanded  isentropically  until  p3  ■  p* 
and  h  is  static  enthalpy. 

b)  Defined  by  p  a  p3  +  n(p.-«  -  p3)  where  p  is 
static  pressure  and  p  is  the  average  pressure 
required  to  calculate  the  thrust  on  the 
combustor  Internal  walls. 


Although  they  evaluated  both  volume  limited  and  weight  limited  vehicles,  they 
consider  the  volume  limited  case  to  be  more  practical.  The  authors  concluded 
that  "SHEUDYNE  .was  the  best  of  the  four  fuels  considered  for  volume  limited 
■eramjet  vehicles.  There  la  no  significant  theoretical  performance  difference 
between  the  TEA  and  kerosene  but  the  former  might  give  better  performance  in 
practice  because  of  i+s  greater  reactivity.  Nonopt indeed  single  stage  90* 
gun-launched  acramjet  vehicles  using  these  fuels  are  theoretically  capable  of 
accelerating  a  200-lb  payload  from  Mach  5  to  Mach  9  during  ascent  and  reaching 
an  altitude  of  approximately  200  miles".  Sbr  90*  launching,  the  actual  values 
of  the  apogee  calculated  out  to  be  275,  215,  20f  and  78  miles  for  SHEUDYNE, 
kerosene,  TEA  and  life,  respectively'*  At  4j>*  launch,  the  range  in  milus  (in 
the  same  order)  would  be  405,  316,  301,  and  115. 

In  consideration  of  the  state  of  knowledge  with  respect  to  the 
kinetics  of  hydrocarbon  air  supersonic  combustion,  it  is  apparent  that  there 
is  a  need  for  much  further  work  in  this  field.  This  is  evident  from  a  study 
of  the  analysis  of  nonequilibrium  hydrocarbon  air  combustion  presented  in  -the 
paper  by  W*  Chinitj  and  P,  Baurer7'  which  iB  a  good  summation  of  the  complexity 
of  the  kinetic  situation  in  this  sort  of  system  and  the  difficulty  of  agreeing 
on  the  nature  and  importance  of  such  a  fundamental  parameter  as  the  ignition 
delay  time.  In  view  of  the  problems  which  have  been  encountered  in  achieving 
successful  piloting  of  a  hydrocarbon  scrarajet  especially  if  air  rather  than 
pure  oxygen  ic  used  as  the  pilot  flame  oxidant,  it  is  suggested  that  further 
investigation  of  the  effect  of  various  types  of  additives  on  the  ignition 
delay  and  also  on  the  oxidation  rate  following  the  onset  of  ignition  is 
urgently  needed.  The  first  approach  to  obtaining  this  sort  of  data  can 
probably  best  be  made  in  a  shock  tube. 

An  interesting  analysis  of  aircraft  engines  development  was  made 
recently  by  A,  A,  Lombard,8)  He  points  out  that  the  best  way  to  increase  the 
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A.  Heat  Transfer  Reduction  Due  to  Gat  Injection 


B.  Variation  of  Effective  Heat  Capacity  Heff  of  Ice  With 
External  Temperature  for  Axlsymmetric  Flow 

=  Heat  of  Dehydration  of  Cyclohexane 

Figure  I.  FACTORS  AFFECTING  ABLATIVE  EFFECTIVENESS 
Ungar,  Science,  Vo! .  158,  1967 
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overall  thermal  efficiency  of  a  power  plant  is  to  fly  faster,  A  lot  of 
difficult  engineering  in  an  engine  is  only  necessary  because  of  the  low  design 
speed  -  since  the  jet  velocity  must  be  aov.  Figure  2  is  an  Illustration  taken 
from  Figure  52  in  nio  paper  which  Ghovs  how  the  overall  thermal  efficiency  of 
a  range  of  engines  varies  with  design  Mach  number.  He  states  "this  is  an 
envelope  curve  in  that  from  0,8  to  above  2  Mach  number  the  curve  represents 
the  efficiencies  of  a  range  of  turbo  fan  engines,  from  2  to  Just  below  Mach  3 
a  range  of  pure  Jet  engines  and  from  Mach  3  onvards  ramjpts.  It  is  very  clear 
that  at  higher  Mach  numbers  utilization  of  energy  is  very  good  indeed,"  And 
again,  "as  we  go  still  higher  in  design  Mach  number  the  decign  of  an  air- 
breathing  power  plant  becomes  even  more  difficult.  At  a  Mach  number  of  7  in 
the  stratosphere  the  total  temperature  of  the  air  entering  the  engine  is  over 
2000*C  and  the  combustion  temperature  must  be  of  the  order  of  3000*C  in  order 
to  achieve  a  worthwhile  thr'ist.  Quito  apart  from  the  metallurgical  problems, 
there  arc  big  problems  connected  with  the  dissociation  of  the  products  of 
combustion  of  normal  fuels  which  males  the  attainment  of  these  temperatures 
difficult." 

It  is  evident  that  considerable  incentive  exists  for  the  development 
of  a  multiple  purpose  additive.  One  which  will  act  as  a  dehydrogenation 
catalyst  in  the  heat,  exchanger  of  the  engine,  will  act  as  a  combustion  catalyst 
in  the  combustion  chamber  and  will  act  as  a  recombination  catalyst  In  the 
nozzle  section  of  the  eiigine.  Vhile  it  may  be  visionary  to  hope  that  this  can 
be  ■"chieved,  there  are  compounds  of  metals  and  oxides  that  have  properties 
which  encourage  us  to  continue  dreaming. 

Some  interesting  papers  having  to  do  with  heat  transfer  and  boundary 
layer  flow  have  appeared  recently  which  are  pertinent .to  the  present  investi¬ 
gation.  Levis,  Kubota  and  Lees  published  an  article8'  in  the  A.l.A.A.  Journal 
for  January  1968,  p.  7  on  in  "Experimental  Investigation  of  Supersonic 
Laminar  Two  Dimensional  Boundary  Layer  Separation  in  a  Compression  Corner 
Witn  and  Without  Cooling".  They  compared  the  surface  pressure  distribution 
for  cold  wall  with  the  adiabatic  configuration  for  a  laminar  interaction  and 
observed  the  dependence  on  Reynolds  mu«ber  for  both  la-iinar  and  transitional 
interaction.  The  free  Interaction  similarity  suggested  by  Chapman  was  empir¬ 
ically  tested  and  found  to  be  a  good  approximation  for  the  adiabatic  configur¬ 
ation  but  it  failed  to  correlate  the  cooled  case  with  the  adiabatic  case.  The 
scaling  suggested  by  Curie  was  tested  and  found  to  eliminate  this  deficiency. 

Also  in  the  same  Journal,  p,  15,  tne  paper  by  Barry  E.  Edney10) 
related  tne  "Effects  of  Shock  Impingement  on  the  Heat  Transfer  Around  Blunt 
Bodies".  He  reported  t..at  an  extraneous  shock  impingeing  on  a  blunt  body  in 
hypersonic  flow  altered  the  flow  around  the  body  and  increased  the  local  heat 
transfer  rate  near  tne  impingement  point.  A  physical  model  was  set  up  which 
predicted  variations  in  shock  interference  patterns  and  surface  pressure 
distributions  and  of  the  intensity  in  the  extent  of  the  peak  heating, in 
accordance  with  the  experimental  findings. 

The.February  issue  of  the  Bame  Journal  (p.  193),  Laganelli,  Aimee, 
and  Hartnett1^  wrote  on  the  "Transpiration  Cooling  in  a  Laminar  Boundary 
Layer  Solid  Wall  Upstream  Effects"  in  w.iich  they  developed  an  analytical  model 
for  this  type  of  cooling.  It  was  found  that  the  solid  leading  edge  had  a 
significant  effect  on  the  magnitude  of  the  skin  friction  coefficient  over  the 
transpiration  surface.  They  concluded  that  further  investigations  would  be 
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Figure  2.  VARIATION  OF  OVERALL  THERMAL  EFF1C 
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required  for  tranaplratior  nyetema  particularly  systems  which  Include  a  non- 
poroue  leading  edge,  einoa  this  increases  local  akin  friction. 

Also,  F.  W.  Spaid  and  £.  E.  Zudukoskl?4’)  describe  a  "Study  of  the 
Interaction  of  O&oeoua  Jets  From  Transfer  Slots  With  Supersonic  External 
Flows".  This  was  an  analytic  and  experimental  investigation  at  Mach  numbers 
up  to  4.5.  A  correlation  of  data  obtained  from  experiments  with  finite  span 
slots  demonstrates  that  the  effect  of  Jet  penetration  height  and  the  slot  span 
are  the  important  characteristic  dimensions  oi  such  flow  fields. 

In  the  March  issue  of  the  A. I. A. A.  Journal,  E.  J.  Felderman18)  on 
p.  1*00  writes  on  the  "Heat  Transfer  and  Shear  Stress  of  the  Shock  Induced 
Unsteady  Boundary  Layer  on  a  Flat  Plate"  in  wliich  he  examined  tne  development 
of  the  boundary  layer  following  the  passage  of  t!«  initial  shock  wave  ever  a 
semi-infinite  flat  plate  mounted  in  the  shock  tube.  Both  experimental  end 
analytical  solutions  of  the  problem  were  sought.  Data  obtained  over  a  range 
of  shock  Mach  numbers,  initial  channel  pressures  and  position  on  tf»e  plate 
agreed  well  with  the  theoretical  calculations. 

An  Interesting  paper  on  the  "Diffusion  of  Oases  and  Porous  Solids 
Over  a  Thousand-Fold  Pressure  Renge"  was  offered  in  Chemical  Engineering 
Science  1967  Vol.  22,  p.  11  by  Henry  Cunningham  and  Jin  Geankoplis1^  in  which 
they  ehoved  that  the  experimental  diffusivities  of  gases  in  alumina  and  in 
porous  Vieor  compared  closely  with  those  predicted  by  the  raw  field  effective¬ 
ness  factor  model  and  the  Vakao  and  Smith  random  pore  model,  as  did  the  data  on 
Vicor. 


A  paper  by  M.  F.  L.  Johnson  and  J.  Moii^  in  the  Division  of 
Petroleum  Chemistry  Preprints,  ACS  CUcago  Meeting,  September  1967  on  the 
origin  and  types  of  pores  in  some  alumina  catalysts  k.d  tested  that  the  authors 
were  able  to  distinguish  as  many  as  three  different  pore  systems  in  alumina 
and  alumina  catalysts.  This  data  is  mainly  useful  in  calculating  effective 
diffusion  coefficients. 

A  paper  by  S.  Lands,  J.  Vais,  and  J.  Berkhard^  published  in  tlie 
Collection  Czech.  Chem.  Cumuun.  52  No.  2,  p.  570,  February  1967  dealt  with 
adamatene  and  its  derivatives.  This  is  Interesting  because  of  the  possibility 
of  using  an  adamantane  derivative  as  a  high  density  thermally  stable  fuel. 

A  peper  bj  Kunugi,  Tondnaga,  and  Abiko37)  on  a  kinetic  study  of  the 
pyrolysis  of  propane  in  the  presence  of  hydrogen  appeared  in  the  Sckieyn 
Oakkai  Shi,  No.  11,  1966  (japan). 

An  article  appearing  in  Kinetic  Catalysis  Chemical  Engineering 
Symposium  Series  No.  73  Vol.  6>,  I967  by  R.  L.  S,aith  and  C.  D.  Prater18?  on 
"Some  Capabilities  and  Limitations  of  Kinetic  Studies  in  Heterogeneous 
Catalysis  as  Illustrated  by  Cyclohexaue-Cyclohexene- Benzene  Inter-Conversion 
Over  A  Supported  Platinum  Catalyst"  shed  some  light  on  the  mechanism  of  this 
important  reaction.  Tney  gave  some  kinetic  information  on  the  various  steps 
involved  with  the  general  conclusion  that  c/clohexene  is  rot  a  necessary 
Intermediate  in  the  dehydrogenation  of  cyclohexane. 
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Laboratory  Reaction  Studies 

Laboratory  studies  of  candidate  endothermic  fuels  and  catalyst 
systems  were  continued  in  our  bench- scale  reactors. 

_  The  relative  reactivities  of  SHELLDYNE,  hydrogen  treated  SHELLDYNE 

(SHELLDYNE  H)  and  Decal  in  for  thermal  reaction  were  determined. 

A  pulse  reactor  was  constructed  for  use  in  studying  catalytic 
reaction n  under  fixed  bed  and  dispersed  phase  conditions.  A  brief  study  of 
the  dehydrogenation  of  methylcyclohexane  over  our  standard  1  i  Pt  on  Al^Q* 
catalyst  was  done  ir.  this  system  at  liquid  hourly  space  velocities  (LHSV)  up 
to  4265 . 


Several  commercial  and  laboratory-developed  catalysts  that  were 
promising  for  the  dehydrogenation  of  methylcyclohexane  were  evaluated  for  the 
dehydrogenation  of  Decalln  in  our  conventional  flew  reactor. 

Studies  on  the  dehydrogenation  of  Decalln,  tetralln  end  mixtures  of 
the  same  were  carried  out  in  a  highly  diluted  catalyst  bed,  in  order  to  obtain 
kinetio  data  for  formulating  a  mathematical  model  for  this  reaction. 

A  few  catalysts  that  appeared  premising  for  the  dehydrogenation  of 
methylcyclohexane  under  micro-scale  testing  (MICTR)  were  further  evaluated  in 
our  bench- Beale  reactor. 

Thermal  Reaction  of  SKELUftME  H  and  SHELLDYNE 

SHELLDYNE  is  the  trade  name  of  a  high  density,  high  energy  fuel 
developed  by  Shell1)  for  use  in  eir  breathing  and  roaket  engines.  This  fuel 
Is  not  prepared  from  crude  oil  by  conventional  processes,  but  is  manufactured 
from  specific  chemical  intermediates.  It  has  moderately  good  storage  and 
thermal  stability  which  is  improved  by  hydrogen  treatment.  As  SHELLDYNE  is 
being  considered  for  use  as  an  (advanced  fuel  both  SHELLDYNE  and  hydrogen 
treated  SHELUJYNE  (SHELIDYNE  H)  were  evaluated  for  thermal  reactivity  in  our 
bench- sc  ale  reactor. 

Seme  physical  properties  of  SHELLDYNE  and  SHELIDYNE  H  are  tabulated 
below,  it  is  evident  that  hydrogen  treatment  increased  the  viscosity  slightly 
and  somewhat  lowered  the  density,  Rl,  freezing  point  and  heat  of  combustion 
(Table  1) . 

SHELLDYNE  consists  of  muerous  isomeric  compound  of  which  three 
i sewers  made  up  85  <  of  the  material.  These  were  present  in  the  ratios: 
I:II:IH  “  16:21:48.  Figures  3  and  4  show  QIC  analyses  of  SHELLDYNE  and 
SHELIDYNE  H  respectively.  The  chromatographs  have  the  same  general  pattern, 
but  the  emergence  times  of  the  SHELIDYNE  H  components  are  longer  however. 

Both  SHELLDYNE  and  SHELLDYNE  H  were  tested  under  conditions  of 
vapor  phase  thermal  reaotion  at  furnace  block  temperatures  of  T52-1202*P  and 
1-10  atm  pressure.  Both  feeds  were  tested  In  a  lA"  ®  stainless  steel  tube 


*)  Information  end  experimental  quantities  may  be  obtained  from  Shell  Oil 
Company,  Products  Application  Department,  New  York. 
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Tabl e  1.  30HE  PHYSICAL  FR0PTHTIE3  OF  "SmLPYNE" 
AND  "SHULDYNE"  H 


SfTELIDYNE 

SHELLDTNE  H 

Bolling  Point 

k 82-39 

500 

Frosting  Point,  *P 

-2k 

(-85)*> 

Speoiflo  Qrarity,  6c*P/6o*F 

1.100 

1.081 

Viscosity,  oa 

212*F 

2.89 

3-19 

68’r 

CO  .2 

26.2 

Refractive  Index  (68*P) 

1.5*79 

1-5*01 

Pounds/gal  (US) 

9*16 

9.02 

Bant  of  Caotbcetlon,  Btu/gal 

163,830 

160,390 

5)  Tfcla  material  did  not  show  a  sharp  Greeting 
point  but  became  more  viscous  with  decreasing 
temperature .  At  -85*F  the  liquid  could  no 
longer  be  stirred, 

with  no  parking  In  the  tube.*)  In  addition  SHELLBXXK  was  tested  in  our  5/8" 

ID  standard  reactor  tube  packed  with  10-20  mesh  quarts  chips. 

In  the  1/h"  CD  tube  the  wall  temperature  was  measured  at  seven  points 
along  the  tube.  The  points  were  1-1/2  Inches  apart  and  tlie  top  point  was  one 
Inch  below  the  top  of  the  secondary  liner  (Figure  5),  The  portion  of  the  tube 
above  the  secondary  furnace  liner  served  as  a  pre-heat  section  and  was  kept 
at  T70*F.  The  temperature  of  the  reactor  wall  varied  down  the  tube  and 
Figure  6  shows  the  temperature  variation  far  a  furnace  block  temperature  of 
1202 kF. 


The  maximum  reaction  rate  will  occur  in  the  region  of  maximum 
temperature.  Presumably  the  rate  In  that  portion  of  the  tube  whose  tempera¬ 
ture  was  18 *F  (10*C)  or  wore  below  the  maximum  temperature,  did  not  contribute 
appreciably  to  the  overall  rate.  T.ius  the  "effective"  volume  of  the  tube  was 
that  portion  of  the  tube  whom  temperature  was  within  18*F  of  the  maxi  mum  wall 
temperature,  and  whom  volume  was  determined  froui  s  plot  such  as  Figure  6. 

Tbs  "effective"  reactor  temperature  was  taken  as  9*F  below  the  maximum  tempera- 
turn  and  space  velocities  and  Apparent  Contact  Times  (ACT)  were  calculated 
baaed  on  the  effective  volume  and  effective  reactor  temperature. 

In  the  5/8"  ID  reactor  tube  the  space  velocities  and  contact  times 
were  based  on  the  volume  of  quarts  chips  (20  ml)  and  the  reactor  wall  tempera¬ 
ture  u  measured  by  a  thermocouple  pressed  between  the  reactor  well  and  the 
furnace  block. 


•T 


This  reactor  system  was  described  in  a  previous  report  in  detail,  on 
p.  2k8,  25*» *x» 
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Liquid  product  material  uu  analyzed  by  GLC  using  a  165'  capillary 
column  (0.018"  diam)  coaied  with  20?.  polyphenjl  ethers  ir.  DC  710  silicone. 

Oaa  product*  were  analyzed  by  mas a  spectrometry.  Conversions  were  calculated 
from  product  analyses  and  neglect  coke  or  polymer  formed  during  reaction. 

SHELLDYNE  H 

At  short  contact  times  (0.3  to  0.8  seconds)  SHELLDYNE  K  was  reason¬ 
ably  stable.  Thus  conversions  were  less  than  3?  at  1022 “F  and  only  3  to  10? 
at  1202 *F  (Table  2).  xt  these  contact  times  conversions  were  generally  loves r 
at  ulgher  pressures  probably  because  the  increased  mass  flow  at  the  higher 
pressures  reduced  the  reactor  temperature.  At  longer  contact  times  (3-4 
seconds)  increased  conversion  was  observed.  Highest  conversion  obtained  was 
51?  (1202*F,  10  atm)  of  which  about  6/b  was  to  light  gas  products.  The  liquid 
product  was  black,  but  no  tube  plugging  occurred.  Product  material  was 
principally  cracked  liquids  (i.e.,  lighter  than  starting  material)  with  some 
light  gas  at  the  higher  conversions  (Table  5 ) .  T.ie  tliree  isomers  were  not 
equally  reactive  and  in  general  at  1262 “t;  !  "was  the  most  reactive  at  lower 
pressures  and  III  at  higiter  pressure  (Table  3). 

First  order  rate  constants  were  calculated  from  the  rate  of 
disappearance  of  starting  material.  Using  these  values  activation  energies 
of  41.8  end  40.3  kcal/mole  were  obtained  over  the  temperature  range  of  1022 
to  1202 *F  (Runs  110,  112-1  and  111,  112-3;  Table  2). 

SHELLDYNE 

SHELLDYNE  vac  more  reactive  and  less  stable  than  the  hydrogen 
treated  material  (Table  4).  Thus  in  the  3/4"  OP  tube  conversion  at  797 *F 
(Run  114)  was  about  that'  obtained  with  SHELLDYNE  H  et  1202  T!  (Run  112-3; 

Table  2. )  Quantitatively,  based  on  the  first  order  rate  constants  and  an 
activation  energy  of  41  kcal/mole,  SHELLDYNE  was  1500  times  more  reactive 
than  SHELLDYNE  U.  Further,  at  797 *F  considerable  coking  occurred  with 
SHELLDYNE  and  the  reactor  began  to  plug  after  15  minutes  (Run  115,  Table  4 ) . 

As  with  SHELLDYNE  H  the  various  isomers  were  not  equally  reactive  and  generally 
the  reactivity  of  I  s  III  >  n  (Table  5).  At  constant  contact  time,  pressure 
did  not  appear  to  affect  reactivity  (cf  Runs  U4  and  115  Table  4). 

In  the  5/8"  ID  reactor  tube  at  higher  temperatures  and  longer  contact 
times  coking  was  even  more  severe.  For  example  at  952*F  (3.6  seconds  ACT)  tne 
reactor  plugged  after  15  minutes  while  at  1022*F  (4.5  seconds  ACT)  plugging 
occurred  after  only  about  five  minutes  reaction  time!  Further,  before  the 
tube  plugged  a  hot  spot  appeared  and  moved  down  the  quartz  bed  and  the 
temperature  in  the  btd  rose  to  over  1292*F  even  though  the  block  temperature 
was  anly  1022  *F! 

In  both  sets  of  experiments  the  reaction  products  were  principally 
liquid  cracked  material  and  light  gas. 

Comparison  With  Decalln 

In  order  to  relate  the  stability  and  reactivity  of  SHELLDYNE  H  and 
SHELLDYNE  to  the  naphthenes  examined  earlier,1)*/  a  few  experiments 
were  dene  with  F-llJ  Decalin  in  the  1/4"  OD  reactor  tube.  The  composition  of 
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d)  Reactor  plugged  after  15  minutes. 
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thin  Decalin  (DKN)  was  25*1,4  trano-D!iN,  74.5$  cls-DHN  and  0.4$  tetralin.  The 
data  for  a  aeries  of  runs  at  1202  *F,  10  atm  pressure,  and  various  contact  times 
are  presented  in  Table  6.  With  this  naphthene  no  coking  was  obaerved,  although 
the  product  at  the  highest  contact  times  was  dark  (Run  120 ) .  Comparing  conver- 
siona  and  rate  constants  for  Runs  119-3  and  120  (Decalin)  with  Runs  112-1  and 
112-5  (Slffi  LI  DYNE  H;  Table  4,  values  in  parentheses  Table  6)  it  appears  that 
SHELLDYNE  H  Si  slightly  more  reactive  than  Decalin. 

Discussion 


From  the  work  completed  tnus  far  it  is  evident  that  SHELLDYNE  is 
highly  reactive  when  in  contact  with  metal  at  797*F  and  higher.  Hydrogja 
treatment  improves  stability  and  reduces  reactivity  by  a  factor  of  about  1500. 
Based  on  conversions  coqpnrible  reactivities  for  SHELLDYNE  H  were  observed  at 
temperatures  350-400’F  higher  than  for  SHELLDYNE.  Pertinent  data  are 
summarized  In  Tsble  7. 

Pressure  did  not  affect  tbs  reactivity  of  either  species.  Hydro pen 
treating  increased  the  vieoosity  by  about  10-30>  and  decreased  the  density  by 
about  2 % 


Presumably  the  metal  rate tor  catalyses  the  decompositions  of 
SHELLDYNE  to  coke  ss  rt.'ier  reseerohers  have  pyrolysvd  SHELLDYNE  components 
in  a  Pyrex  tube  cleanly  and  without  coking  at  temperatures  up  to  l‘*a*F  and 
at  contact  tines  up  to  6  minutes.  Some  studies  oil  the  effect  of  metel  surface 
an  SHELLDYNE  reactivity  will  be  done. 

Worn  the  work  carried  cut  thus  far  it  is  evident  that  et  elevated 
temperature  a  SHELIDYNE  H  has  much  greater  stability  than  SHELLDYNE,  end  hence 
is  •  more  attractive  high  density  fuel  under  high  temperature  conditions.  In 
e  later  section  of  this  report  (page  )  it  is  shewn  that  in  Coker- type 

thermal  stability  tests  SHELIDYNE  H  was  also  more  stable.  Thus  it  appears 
that  SHELIDYNE  H  was  superior  to  SHELIDYNE  on  ell  counts  except  for  a  St  loss 
in  gravity  and  heat  of  combustion  end  a  email  increase  in  viscosity  (Table  1) . 

Dehydrogenation  of  Methyloyolohexanc  in  a  Pulse  Reactor 

A  email  pulse  reactor  has  been  constructed  for  studying  catalytic 
re actionc  under  both  fixed  bed  end  dispersed  phase  conditions.  Some  of  the 
advantages  of  suoh  a  system  over  the  conventional  flew  reactors  are: 

a)  Heat  transfer  effects  within  the  reactor  oen  be  virtually 
eliminated. 

b)  It  ie  a  rapid  method  for  studying  reactions  under  varying 
conditions. 

0)  High  speoe  velocities  can  be  achieved  with  only  a  email 
amount  of  feed. 

To  date  the  pulse  ''sector  technique  has  been  confined  primarily  to  exploratory 
and  reaction  mechanism  studies.  Recently,  however,  R.  P.  Merrill20?  has 
suggested  •  method  for  obtaining  reaction  rate  data  from  pulse  reactor 
studies . 
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Effective  Reactor  Temperature,  *F 
Effective  Reactor  Voluioe,  ml 
Effective  LHSV 
Effective  Contact  Time,  eec 
DUN  Conversion, 

First  Order  Rate  Constant,  ueo 


59.6 

(51.0) 

0.405 

(0.236) 
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A  brief  atuSy  vti  made  of  the  dehydrogenation  of  metfaylcyolohexane 
reaction  using  the  pule*  reactor  technique .  In  this  system  a  artrcM  of 
carrier  fee  flowed  through  the  reactor  oontinoualy.  At  the  desired  time  a 
aaall  amount  of  feed  (ca  1  idorollter)  was  injected  into  the  carrier  gee 
artreaa  and  subsequently  passed  over  the  catalyst  aa  a  "pul bo".  Reaction 
products  or  a  slip- stream  sample  thereof ,  were  led  directly  into  a  GLC  for 
analysis.  In  the  pulse  reactor  system  there  vis  virtually  no  beat  transfer 
affaot  within  the  reactor,  the  apparatus  and  procedure  for  carrying  out  the 
experiments  are  described  In  detail  in  the  Appendix. 

Experiments  were  carried  out  at  10  atm  pressure,  572*  to  752*F  and 
at  oarrler  gas  flow  rates  that  correspond  to  MCH  liquid  hourly  space  veloc¬ 
ities  (IHSV)  up  to  hp65  •  Both  helitsa  and  hydrogen  were  used  as  carrier  gas; 
one  microliter  of  liquid  MCH  was  injected  as  a  pulse.  The  catalyst  van  0-25  g 
of  our  standard  l£  Pt  on  AlaOa  laboratory  catalyst  and  was  diluted  with 
1.25  ml  quarts  chips  to  give  a  total  bed  length  of  3  inshea. 

In  this  reactor  system  high  MCH  conversions  were  obtained  at  much 
higher  spaos  velocities  and  much  lower  reactor  temperatures  than  were  obtained 
in  the  bench-soele  test  reactor.  Pbr  example,  95t  MCH  conversion  was  obtained 
In  the  bench-scale  reactor  at  1200 "F  and  LHSV  of  100,  end  in  the  pulse  reactor 
at  662*7  and  IiiSV  of  1000.  Further,  at  752*F  in  the  pulse  reactor  85*  MCH 
conversion  was  obtained  at  an  IAS?  of  4265 . 

Conversion  declined  with  increased  apace  velocity,  as  shown  in  a 
series  of  brsoketted  runs  at  662*7  with  hellun  carrier  gas  (Table  8) . 

Figure  T  ahevs  conversion  as  a  function  of  USSV.  At  the  highest  LKSV  tested 
(4265),  an  MCH  conversion  of  68 i  was  observed .  Seleotivlties  for  toluene 
were  99*1-  Catalyst  activity  did  not  change  during  these  tests  ss  the  conver¬ 
sions  were  about  the  same  in  the  initial  end  final  runs. 

At  higher  temperature  there  was  catalyst  deactivation  In  a  series 
of  testa  at  high  space  velocity.  Thus  at  752'F  at  USSV  of  1*265  with  helium 
oarrler  gas,  conversion  declined  for  71^  to  6of  with  successive  MCH  pulses 
(Table  9;  Runs  5,  6-1,  6-2). 

Injecting  larger  MCH  pulses  (10  ml)  seemed  to  enhance  the  deactiva¬ 
tion  (Table  9.  Runs  6-3,  7-1,  7-2).  Changing  to  Ha  carrier  gas  appeared  to 
restore  sotlvlty  somewhat  (Ta^V;  9;  Runs  8-1,  8-2) . 
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Higher  conversions  and  no  catalyst  deactivation  were  observed  at 
752*F  uaing  hydrogen  carrier  gaa.  Thus  at  LHSV  of  4265,  83-8516  MCH  oonveralon 
vaa  obtained,  and  in  a  series  of  bracketted  runs  the  initial  and  final  eor.ver- 
•Iona  wera  about  the  same  (Table  10).  Selectlvitlea  for  toluene  were  92+i 
and  more  cracked  products  were  made  at  the  higher  temperature.  Conversion 
as  a  fvno'.ion  of  spaoe  velocity  la  shown  in  Figure  7. 


Table  10.  P1HYPR00FNATI0N  OF  HCTHYLCYCLOHEXAKg:  PULSE  REACTOR 
Ff feet  of  Space  Velocity  on  Converwlon  at  752*F 


Catalyst: 
Catalyst  Volume: 
Feed: 

Pulse  Volume: 
Catalyst  Diluted 

111  Pt  on  AljAs 

0.25  ml 

Pure  MCH 

1  ul.  Liquid 

With  1.25  ml  Quarts 

Pressure: 
Carrier  Ges: 
Temperature : 
Run  10808-9 
Chips 

10  atm 

h2 

752 *F 

Run  Mo.  10808- 

?-l 

10-1 

10-2 

10-3 

10-4 

11-1 

IHSV 

4265 

4265 

3200 

4265 

2150 

4265 

Temperature,  °F 

Vail 

743-U7 

7U3-47 

743-47 

743-47 

743-47 

741-47 

Preheater 

882 

882 

959 

871 

874 

831 

Product  Analysis,  <w 

Cracked,  liq 

2.6 

6.6 

5-9 

5-0 

6.5 

3  9 

MCH 

17.6 

15.5 

13  -2 

16.0 

11-9 

17.2 

Toluene 

79.8 

77-9 

80.9 

79-0 

81.5 

78.9 

MCH  Conversion,  1&w 

82.4 

84.5 

86.8 

84.0 

88.1 

82.8 

Selectivity  for  Toluene, 

i»  96.9 

92.2 

93-2 

94.0 

92.6 

95  2 

The  ectivlty  of  freshly  reduced  catalyst  was  considerably  greeter 
In  the  pulse  reaotor  than  In  the  bench-scale  reactor.  This  could  have  been 
because  In  the  latter  system  the  catalyst  was  pretreated  with  pure  MCH  for 
10  minutes  prior  to  starting  the  runs  end  hence  partlrlly  deactivated. 

Accordingly  a  series  of  experiments  was  done  in  the  pulse  reactor  after 
pretreating  the  fresh  catalyst  with  MCH.  The  pretreatment  consisted  of 
flowing  pure  MCH  over  the  fresh  ectelyst  for  15  minutes  at  10  atm  pressure 
and  662*F  (no  H2  or  He  present) .  The  reactor  was  then  flushed  with  helium 
and  successive  pulses  of  MCH  were  injected  over  the  catalyst.  For  tests  st 
752 *F,  R2  was  the  carrier  gas;  at  lower  temperatures  Re  was  the  carrier  gas. 

The  data  are  tabulated  In  Table  11  in  the  order  in  which  the  experiments 

were  done.  The  conversion  values  obtained  with  no  oatalyst  pretreatment  ere  • 

shown  In  parentheses  for  comparison. 
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At  66S*T  conversions  with  the  MCH  pretreeted  catalyst  were  slightly 
greater  than  were  observed  with  fresh  catalyst,  while  at  752*F  the  reverse 
was  true.  This  suggests  that  there  was  very  little  difference  between  the 
activities  of  the  fresh  and  MCH  pretreated  catalysts  and  that  the  differences 
in  activity  in  the  pulse  and  bench-scale  reactors  were  primarily  due  to  heat 
transfer  effects. 

From  the  experiments  carved  out  thus  far  it  is  evident  that  the 
reactivity  of  the  MCH-platiman  system  was  considerably  greater  in  the  pulse 
reactor  than  in  the  bench-scale  reactor.  Thio  is  shown  quantitatively  by 
comparing  first  order  rate  constants  from  data  obtained  in  the  two  systems. 

In  the  pulae  reactor  the  rate  constant  at  662* F  (He)  waa  55*3  sec"1  (684  MCH 
ocnveraion;  data  of  Run  196-3,  Table  8),  compered  to  0.60  sec"1  at  &'*2*F  in 
the  bench-scale  reaotor.3)  Converting  the  pulse  reactor  data  to  8I*2*F,  using 
an  activation  energy  of  11.7  k  cal/roole,3)  gave  a  rate  constant  of  176  sec"1 
or  about  293  times  greater  than  'fas  obtained  in  the  bench-scale  reactor.  Thus 
the  MCH- platinum  system  appears  to  have  a  potential  reactivity  about  300  timer 
greater  than  was  demonstrated  in  the  bench- scale  testa. 

Presumably  the  higher  reaction  rates  observed  in  the  pulse  reactor 
were  due  to  heat  transfer  and  diffusion  effects  that  were  much  leas  adverse 
in  the  pulse  reeotor  system.  Fbr  example,  in  the  pulae  reactor  the  gas 
volume  of  the  MCH  pulse  was  about  that  of  the  catalyst  pore  volume  (0.2  ml), 
so  diffusion  effects  would  be  minimised  in  this  system.  Further,  the  heat  of 
reaction  for  complete  conversion  of  one  microliter  of  MCH  ia  about  O.55  cal. 
The  heat  capacity  of  the  catalyst  plus  quarts  in  the  pulae  reactor  is  0.3  oal. 
Thus  the  Bsximian  total  temperature  drop  in  the  catalyst  bed  per  pulse  was 
about  0.55/0.3  «  1.8*C  or  3*F.  A  temperature  difference  between  furnace  end 
catalyst  bed  of  200*F  was  observed  in  the  berch-ccale  reeotor  at  high  MCH 
conversion.3'  This  suggests  that  reactivities  possibly  300  times  greats? 
could  be  obtained  in  continuous  reactors  if  high  heat  transfer  rates  end 
elimination  of  diffusion  effects  in  catalyst  pores  could  be  achieved. 

flood  catalyst  stability  was  observed  at  752*F  with  hydrogen  carrier 
gas  but  not  with  helium.  Presumably  good  stability  is  obtained  because  the 
coke  precursors  formed  during  dehydrogenation  are  reacted  from  the  catalyst 
eurf ace  by  hydrogen,  this  suggests  that  with  helium  carrier  gao  the  hydrogen 
concentration  in  the  catalyst  pores  due  to  hydrogen  generated  by  the  dehydro¬ 
genation  reaction,  was  not  great  enough  to  remove  the  coke  precursors,,  end 
henob  the  catalyst  vaa  partially  poisoned .  With  hydrogen  carrier  however,  a 
high  hydrogen  concentration  was  present  in  the  pores,  and  the  coke  precursors 
were  reacted  rapidly  from  the  surface. 

Dehydrogenation  of  Peoalln  Over  Various  Catalysts 

In  earlier  work3^1®^  it  was  shown  that  catalysts  stable  for  the 
dehydrogenation  of  monocyolio  naphthenes,  were  not  neoesdsrily  stable  for  the 
dehydrogenation  of  dlcyolio  naphthenes.  Thus  U0P-R8  platforming  catalyst  was 
quite  stable  for  the  dehydrogenation  of  methylnyclohexane3^  (MCH),  but  showed 
great  instability  for  the  dehydrogenation  of  dicycloh/ayl1'  (DCH)  and  Decalin1' 
(DHN).  A  ■number  of  comneroial  end  laboratory-developed  catr.lysts  tested  in 
the  bench-scale  apparatus  had  ifx>d  stability  for  MCH  dehydrogenation.  It  was 
of  interest  now,  to  evaluate  a  few  of  these  catalysts  fo:  the  dehydrogenation 
of  Dacalin- 
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The  apparatus  was  a  tubular  flow  reaotor  equipped  with  conventional 
devloea  for  measuring  feed  flow  rates  and  for  collecting  liquid  and  gas 
products.  The  reactor  vaa  a  stainless  steel  tube  (No.  347,  1/2-ln.  IPS)  32 
In.  long,  5/8  in  ID,  and  was  heated  by  an  electric  fumaoe.  The  catalyst 
vas  contained  in  the  annular  spaoe  between  the  thenaowell  and  the  reactor 
wall.  The  dimensions  were  such  that  the  catalyst  bed  had  an  annular  thick¬ 
ness  of  1/16  (one  pellet  diameter)  and  a  length  of  4-1/2  in.  (7  ml  volume.. 
The  complete  apparatus  was  described  In  detail  in  a  previous  report. 

Product  analyses  were  csrrled  out  by  mass  spectrometry  and  by  QIC*) 
from  vhioh  conversions  and  selectlvitles  were  calculated. 


Both  ecro  and  first  order  rate  constants  were  calculated  from  the 
rate  of  disappearance  of  decalln  using  the  following  equations: 

aero  order: 


k,  ata  sec-1 


LHSV  .  0  X  22,412 

35oo  *  — tv — 


X 


(1) 


first  order: 


k,  flco_i 


IHSV  v 

5S00  X 


p  x  22,412 
MW  X  P  * 


T 

275 


x  2.3  log 


(2) 


where 

IHSV  "  liquid  hourly  space  velocity  (l.e«,  volumes  of  feed/voluae 
of  catalyst  bed  per  hour) 

MW  >*  molecular  weight 

P  •  reactor  pressure  in  atmospheres 

T  •»  reaotion  tcrsperature  In  *K  (reactor  vail  temperature) 
p  »  liquid  density 

f  -  fraction  reacted 


Relative  reactivities  and  apparent  activation  energies  were  computed  from  the 
first-order  rate  constants. 


The  resotor  well  temperature  was  measured  by  a  thermocouple  pressed 
against  the  outside  reactor  wall  by  the  furnace  block  and  located  about  1M 
be^ow  the  top  of  the  catalyst  bed.  The  catalyst  bed  temperatures  were 
measured  by  thermocouples  contained  in  the  thermowell.  The  thermocouples 
were  1"  apart  and  the  top  thermocouple  was  about  l/2"  below  the  top  of  the 
catalyst  bed.  The  "effective"  catalyst  temperature  was  somewhere  between  the 
reactor  wall  temperature  end  the  catalyst  bed  temperature .  Kbr  computing 
rate  constants  and  apparent  activation  energies  the  reactor  wall  temperature 
was  used,  as  this  oloser  to  the  "effective"  catalyst  temperature  than  the 
thermowell  temperature. 

Three  (numerical  catalysts  snd  seven  laboratory  catalysts  were 
evaluated  for  vapor  phase  dehydrogenation  in  the  bench- scale  reactor  at 

IQ  jAbj  .prea3urc. , and  84 2.-12Q2*!'! _ Xheae-Mgx&i _ 

a)  Carbovax  1000  on  Chromo3orb  W  Column. 
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Catalyst _  Designation 


Slnolalr- Baker  Rd-150 

• 

0.67*  Pt 

RD-150 

American  Cyan amide 

Aeroforo  PHF-4;  0.8%  Pt 

PHF-4 

• 

Universal  Oil  Products 

U0F-R8;  0.75*  Pt 

U0P-R8 

Shell  Laboratory  Catalysts 

10280-46 

Shell  46 

10280-108 

Shell  108 

10280-107A 

Shell  107A 

10280 -107B 

Shell  107B 

• 

10280- 105B 

Shell  105B 

10280-45 

Shell  45 

10280-91A 

Shell  91A 

# 

Seven  milliliters  of  ostalyst  (10-20  mesh)  were  used  in  each  test;  F-113  DHN 
was  the  test  feedstock.  This  Decalin  contained  74.6*  cts-DHN,  25 -d  trans- 
DHN  and  0.4*  tetralin  (THN). 

Some  deactivation  during  the  runs  was  observed  with  all  of  the 
catalyats  tested.  Thus  the  oatalyots  were  characterised  as  to  activity  by 
the  total  Decclln  conversion  or  by  the  first  order  rate  constant  at  R42“F, 
where  catalyst  deactivation  vae  slight.  Relative  reactivity  of  a  particular 
aatalyst  then  was  taken  as  the  ratio  of  the  first  order  rate  constant 
obtained  with  that  aatalyst  to  the  rate  constant  obtained  with  the  standard 
catalyst  at  842*F  (10  atm  pressure).  The  complete  data  are  presented  in 
Tables  60  through  65  in  the  Appendix. 

Results 


All  of  the  catalysts  were  mere  aotive  than  the  standard  catalyst 
except  RD-150,  which  was  slightly  less  active  (Table  12).  Relative  activities 
et  842*F  are  tabulated  in  Table  12.  and  at  higher  temperatures  can  be  deduced 
from  Figure  8.  which  is  a  plot  of  DHN  converse  n  as  a  function  of  blook  tem¬ 
perature.  Overall,  the  most  active  oatalys.  vaa  the  Shell  46,  which  was  also 
the  most  stable.  Catalyst  deactivation  with  increasing  temperature  is  re¬ 
flected  in  the  convex  ahape  of  sene  of  the  curves. 

Apparent  activation  energies  were  calculated  for  both  zero  order  and 
first  order  rate  constants.  Because  of  the  extensive  deactivation  at  the 
higher  temperatures  with  some  of  the  catalysts,  only  the  rate  constants  at 
8 42  and  9J2*F  were  used  in  this  computation.  Over  this  temperature  region 
the  apparent  activation  energies  ranged  from  6.5  to  11.4  kcel/mole  for  first 
order  kinetics  (Table  12) .  lower  activation  energies  were  obtained  for  zero 
order  kinetlos  because  for  •  given  inorease  ir*  conversion,  the  first  order 
rate  constant  increased  more  then  the  aero  order  constant.*)  Figure  9  is  an 
Arrhenius  plot  of  the  data  in  which  tha  lines  through  the  points  at  842  and 

a!  The  first  order  rate" constant  is  given  by  kx  »  K/t  log  1/1  -  f  and  the 
aero  order  constant  by  k0  -  (V/t)t  where  f  *•  fraction  reaoted. 
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932 *P  are  extrapolated  over  the  complete  temperature  region.  Deactivation  at 
higher  temperatures  is  evident  as  the  data  points  fall  below  the  extrapolated 
curves.  The  reactor  wall  temperatures  were  used  for  calculating  the  active* 
tion  energies. 

Selectivity  for  naphthalene  at  a  given  EftN  conversion  was  different 
with  each  catalyst.  This  appeared  to  be  a  temperature  rather  than  a  catalytic 
effect,  however,  as  in  a  plot  of  Beleotivity  for  naphthanlene  as  s  function 
of  "gas  exit"  temperature  (Figure  10).  the  points  fell  reasonably  close  to  a 
single  line.  The  temperature  at  the  bottom  of  the  catalyst  bed  was  takm  as 
the  gas  exit  temperature. 

Some  deactivation  was  observed  with  all  of  the  catalysts  tested 
(Table  12).  This  is  shown  graphically  in  Figures  11  and  12.  These  curves 
show  the  increase  in  catalyst  Led  temperature  (ATm«¥»  kF)  as  a  function  of 
furnace  block  temperature  for  a  series  of  runs  st  842  to  1022*F  and  at  842 
to  lSOB^F  respectively  (at  10  atm  pressure).  The  magnitude  of  the  bed  tem¬ 
perature  Increase  was  taken  as  s  measure  of  oatalyst  deactivation.  Based  on 
this  criteria  the  catalysts  in  order  of  their  decreasing  stabilities  were: 

46  >  108  >  10TB  >  91A  >  105B  >  RD-150  >  standard  catalyst  >  IOTA  >  U0P-R9. 
this  evaluation  depends  somewhat  upon  the  teat  temperature  aa  1022*F  Shell 
105B  was  more  stable  than  either  10TB  or  91A,  but  was  leas  stable  than  the 
latter  two  at  1?02*F.  It  la  worth  pointing  out  that  the  oily  cutnlyel  that 
had  even  moderate  stability  at  1202°F  was  Shell  46. 

These  results  are  for  10  atm  pressure  and  ’jO-6o4  conversion.  In 
previous  work  it  wss  shown  that  at  higher  conversions  (80-90<)  both  the 
UOP-R8  and  the  standard  laboratory  catalysts  had  good  stability  at  1022’F.1) 
Presumably  the  other  oonmei uIsa  catalysts  would  clao  be  more  stable  at  high 
conversion . 

In  previous  work  with  Decalin  it  was  observed  that  catalyst  stability 
waa  enhanced  when  the  operetlng  pressure  was  increase^  from  10  to  50  atm 
pressure.1)  Thus  it  waa  of  interest  to  see  if  stability  could  be  enhanced  st 
higher  temperatures  by  increasing  the  pressure  to  50  atm. 

One  commercial  catalyst,  RD-150  end  one  laboratory  preparation, 

Shell  107B,  were  tested  over  the  temperature  range  of  842-12 Q2*F  at  JO  atm 
pressure.  With  both  catalysts,  stability  was  enhanced  at  the  higher  pressure. 

Fbr  example  with  the  RD-150  at  I1I2*F  an  increase  in  catalyst  bed  temperature 
of  only  23*F  was  observed  at  JO  atm  compared  to  117*F  at  10  atm  pressure. 
Selectivity  for  THN  +  N  was  about  8-10^  lover  than  was  observed  at  1022 *F 
(Table lj).  At  higher  temperature  the  catalyst  waa  moderately  stable  but  there 
was  a  considerable  decline  in  both  conversion  ard  selectivity  for  THN  +  N,  and 
0  corresponding  increase  in  yield  of  cracked  products  at  both  10  and  30  atm. 
Presumably  a  hydrocracking-type  reaction  becomes  predominant  at  1202#F  at 
both  pressures  ( Table  13 ) . 

With  Shell  107B  at  1112*F  only  a  9*F  rise  in  catalyst  bed  tempera¬ 
ture  at  JO  atm  (down  from  56  *F  at  10  ata)  and  at  1202  a  lOS’F  rise  (down  from 
l60*F  at  10  ata)  une  observed  (Table!1*) .  Selectivity  for  THN  +  N  at  1202*F 
was  high  at  10  atm  (92. 5'^)  but  only'  moderate  at  JO  atm  (77. S),  end  consider¬ 
ably  more  cracked  products  were  observed  at  the  higher  pressure. 
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a 

0  107B 

1 

□  108 

0  UOP-R8 

A  1%  Pt  on 

0104  I 

0  RD-150 

Pressure: 

10  atm  1 

LHSV: 

100  1 

React  ('hi  Time! 

30  min  / 

Catalyst  Volume: 

7  ml  / 

uop-rs$  1 

i 

I  /  RD-150 

Table  13.  DFigDROCEKATION  OF  DECAT3W  OVER  SINCIAIR-BAKER  RD-150  CATALYST 

Catalyst  Volume;  7  nl  Feed;  F-11J  Decalln 

I^EV:  100  cis  DE. 

Reaction  Time;  30  nin  25.0jt  trails  DM 

O.kf  THN 


Table  Ik.  DBnrDROGEKATICK  0?  DECAUN  J7ER  SHELL  10TB  LABORATORY  CATALYST 
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Thus  it  appears  that  at  1202*F  increasing  the  reaotor  pressure  will 
enhanoe  the  stability  of  the  catalyst,  but  that  selectivity  for  THN  +  N  and 
in  oome  oases  DHN  conversion  will  be  reduced  appreciably.  Further,  it  appears 
that  at  these  elevated  pressures  and  temperatures  a  hydrocracking-type  reac¬ 
tion  bocomea  r*""e  important  resulting  in  increased  yields  of  oraoked  prodi3te. 

The  two  moot  stable  catalysts  tested  thus  fur  for  tho  doJiydrocenation 
of  dccalin  were  the  lujoratory  catalyst*  Shell  1*6  and  Shell  108.  Both  cata¬ 
lysts  hod  comparable  stabilities  at  1112*y  but  at  1£02*F  the  Shell  1*6  'a a  more 
stable.  Y/ith  these  catalysts  selectivity  for  THN*  1  ua  high  at  1112 *F  end 
lower  temperatures  (9&+‘/>)>  hut  decreased  by  about  5-JOi*  at  1202*F.  For  a 
given  weight  of  platinum  stability  varied  inversely  es  the  pore  size  of  the 
support.  Increasing  the  operating  pressure  from  10  to  JO  atm  increased 
catalyst  stability  but  at  1202*P  decreased  selectivity  for  1HN+N  and  in  ons 
case  decreased  the  Decalin  conversion. 

The  Shell  kG  was  also  the  moat  active  catalyst  tested  thus  far  and 
vas  1.28  times  more  active  than  the  standard  laboratory  catalyst. 

Effect  of  Pore  Volume  on  Catalyst  Stability 

In  a  previous  report  it  vas  suggested  that  catalyst  instability  waa 
due  at  least  in  part  to  the  pore  structure  of  the  catalyst  and  that  greater 
stability  would  be  obtained  with  catalysts  containing  smaller  pores. The 
average  pore  disasters  of  five  catalysts  were  calculated  from  the  surface 
and  pore  volumes  and  are  tabulated  in  Table  15.  These  catalysts  continued 
0-TJt  to  1.0*  platinum  on  various  alunina supports;  their  physical  properties 
are  tabulated  in  Table  16.  figure  13  la  a  plot  of  c italya'  bed  temperature 
increase  (ATmax,  *F)  as  a  function  of  average  pore  diameter  and  shows  indeed 
that  batter  catalyst  stability  was  obtained  with  oatalysta  having  mailer 
pores.  (The  Shell  **5  vas  not  included  as  the  chemical  composition  of  this 
catalyst  was  quite  different  from  that  of  the  other  five  catalysts.)  Yrtille 
the  least  stable  catalyst  had  the  largest  pore  diameter  end  the  moat  stable 
catalysts  had  the  smallest  pore  diameter,  there  is  an  ancmoly  in  the  region 
of  100  A  pore  diameter.  Thus  the  PHF-k  and  the  standard  laboratory  catalyst 
have  about  the  name  pore  diameter  but  the  catalyst  bed  temperature  increase 
with  the  former  ves  about  twice  that  observed  vith  the  latter  catalyst.  As 
pore  distribution  for  these  two  catalysts  sre  about  the  came  (Table  16),  it 
appears  \hat  port)  siae  is  not  the  only  factor  controlling  catalyat  stability. 
This  is  being  Investigated  further. 

Aa  mentioned  in  the  previous  report*  it  is  believed  that  catalyst 
stability  during  the  run  la  due  to  hydrogen,  generated  by  reaction,  reacting 
with  coke  precursors  on  the  catalyst  surface .  Presumably  in  smaller  pores 
the  hydrogen  partial  pressure  will  be  greater  due  to  s  higher  surface  to 
voluna  ratio,  and  hence  a  greater  fraction  of  naphthene  converted  per  unit 
time.  This  higher  hydrogen  pressure  causes  more  rspid  reaction  with  coke 
precursors  and  hence  the  catalyst  appears  to  be  more  stable. 

Dehydrogenation  of  Decalin;  Dlluted-Bed  Reactor 

A  study  of  the  kinetics  of  the  dehydrogenation  of  Decalin  has  been 
initiated  to  obtain  data  for  use  in  developing  a  computer  program  for  this 
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Block  Temperature:  I022*F 


Pr  enure: 
LHSV: 


10  atm 
100 


DMN  Converiion:  48-54% 


Catalyitt: 


Reaction  Period;  30  min 


0.7-1%  Pt  on  Al20, 


Lab.  Catalyit 

“X" 

A 

y  UOP-RB 
'  0.76 X  Pt 


Sinclalr-Baker 
_  RD-150,  0.78  Pt 
/  / 


/  y 

American  Cyanamtd  r 

PHf-4;  0.8%  Pt/ 

/ 

/ 

/ 

y  ubc 

/  /-v-*-"  1%  P 


Lab  Catalyst 

1%  Pt  on  Hanbaw  0104 


1/ 

°/  Ub  Catalytt 
/  O— —1%  ptonAI20,  "A* 


50  100  150  200 

Average  Pore  Diameter/  A 

Figure  13.  DEHYDROGENATION  OF  OECAUN  OVER  VARIOUS  CATALYSTS; 
EFFECT  OF  PORE  SIZE  ON  CATALYST  STABILITY 
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reaction.  For  this  work  the  catalyst  wee  highly  diluted  with  Inert  materiel, 
the  reactor  wee  operated  at  low  conversions,  end  the  apparatus  was  modified 
so  s a  to  try  and  maintain  Isothermal  conditions  within  the  eotalyst  bed  a* 
much  as  possible.  This  modification  consisted  of  removing  the  l/?-in.  OD 
thermowell  from  our  5/8-dr .  ID  resotcr  tube  and  substituting  two  1/8- In.  OD 
thermowells,  one  at  the  top  and  one  at  the  bottom  of  the  reactor  tube.  The 
top  thermowell  extended  down  1-1/2  in.  into  the  catalyst  bed;  the  lower 
thermowell  Just  touched  the  bottom  of  the  catelynt  bed.  Figure  lk  is  a 
drawing  of  the  modified  reactor  tube. 

Results  were  obtained  at  707  to  797*F;  10-50  atm  pressure;  LflSV'a 
of  350-ll»C0  with  our  standard  1*  Pt  on  Al^  catalyst.  0*5  ml  (0.k8  g) 
catalyst  was  used  end  the  catalyst  was  diluted  with  Cu  granules  and/or  quart* 
chips  to  give  a  total  bed  volvme  of  about  2d. 5  ml  and  a  bed  length  of  about 
5-1/2  inches. 

The  procedure  for  carrying  out  the  rune  analysing  the  products  and 
calculating  the  rate  constants  ver*  described  In  the  previous  section  of 
this  report. 

the  kinetics  of  ths  dehydrogenation  of  Decalln  involve  rate#  of: 
a)  isomerisation  of  cle  and  trans  Decalln;  b)  dehydrogenation  of  eia  and 
trane  Decalln  and  of  tetralin;  0)  dehydrogenation  of  tetralln.  Thus  for  our 
study  six  different  feeds  were  used  that  contained  various  amounts  of  ols 
and  truns  Decalln  and  tetralln.  Hydrogen  was  added  to  those  feede  containing 
tetralln  in  about  stoichiometric  amounts  to  simulate  product  material  fren 
Decalln  dehydrogenation. 

The  feed  compositions  vert: 

Teble  17.  DTOTPROOEMATION  OF  PBCALIM  AND  TETRALIN 


Feed  Number 

1 

liquid  Composition,  *w 

trens-DRN 

91.0 

Ols-DBM 

8.8 

THU 

0.0 

N 

0.0 

Others 

0.2 

Rg  Added, 
moles  Ha/mole  ton 

0.0 

c«) 

_2_ 

kb) 

j e> 

6 

57.0 

25-0 

11.8 

0.1 

k2.5 

Tk.6 

M 

55-6 

0.5 

0.2 

Q.k 

50.3 

51.8 

97*8 

O.C 

0.0 

0.6 

O.k 

0.8 

0.k 

0.0 

0.6 

0.5 

0.6 

0.0 

0.0 

2.6 

2.6 

5-0 

Feed  8  wee  50*  Feed  1  and  50*  feet 
Feed  k  is  50*  TON  end  50*  Feed  1. 
Feed  5  ie  50*  TON  end  50*  Feed  5 . 


Feede  V  end  5  represent  an  approximate  product  mixture  after  dehydrogenation 
Decalln  to  50*  conversion;  Feed  6  represents  a  product  mixture  of  100* 
conversion  of  Decalln  to  tetralin. 
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the  effect  of  process  variables  on  reaction  rat *5  end  product 
distribution  ere  dlucuaoed  ir  this  section.  The  utilization  of  the  erperi- 
y'r.tal  reaulta  for  developing  a  computer  program  are  dlocuoaed  in  another 
ruction  (see  pege  ). 

ResuVtsi 

Under  our  test  conditions  the  dehydrogenation  of  DHN  to  naphthalene 
(N)  was  a  tvo-step  process  with  tetralin  (tetrahyaronapte' iulene;  TON)  as  an 
Intermediate  product.  Schematically  the  reaction  can  be  represented: 


Both  reactions  vere  equilibrium  limited  at  high  conversions  and  in 
tha  lower  temperature  region  at  both  10  and  50  «tm  pressure.  Reaction  II  was 
faster  than  I.  Figure  15  she/va  the  thenaodynamlo  equilibrium  constanta  for 
Reactions  1  (Kj^V  and  II  (Kp?)  as  functions  of  temperature.  Kpp  was  obtained 
by  extrapolating  the  equilibrium  data  of  Allan  and  Vlugter.21)  Kpx  was 
obtained  using  the  data  of  Mlyaxava  and  Pitser2*)  and  the  calculated  Kps- 
Figure  16  shove  equilibrium  concentrations  of  DHN,  THN,  and  N  at  10  and  50 
atm  pressure  as  a  function  ot  temperature  using  tha  calculated  Kpx  and  Kpp. 

A  preliminary  series  of  experiments  vas  done  with  F-113  Decalln 
(Feed  J;  Tk.6i  ois  DHN)  st  70 7  to  797*7;  10-30  sta  pressure.  In  this  series 
the  runs  on  different  charges  of  catalyst  did  not  give  reproducible  results. 
Fbr  example  at  T52*F  (block  temperature)  LfSV  of  luOO  and  10  ata  pressure, 

DHN  conversion  of  6.8  and  10. were  observed  for  two  different  runs 
(Table  13.  Runs  61  and  50-2) .  Presumably  thia  nonreproducibility  arose  from 
catalyst  surface  contamination  during  catalyst  pretrestment .  However  within 
air  one  run  the  catalyst  was  fairly  stable.  Thus  under  the  same  reaction 
conditions  at  792' 7  only  a  few  percent  change  in  conversion  was  observed 
over  a  one  hour  period  (Table  18,  Runs  7** -2  to  75-1) •  Increasing  the  space 
velocity  st  const ant  block  temperatures  gore  ■  slight  increase  in  reaction 
rate,  which  suggests  that  even  at  LHSV  of  700  there  was  still  •  heat  transfer 
effect  within  he  catalyst  bad.  Tha  effect  of  pressure  was  similar  to  that 
observed  previously1*)  namely  that  with  increased  pressure  (10  to  50  atm) 
conversion  vas  not  affected  significantly  but  the  rat/  oonetant  declined 
markedly  with  increase!  pressure  (Table  19) • 

In  rune  of  different  charges  of  catalyst  (i.w.f  A,  B,  or  C,  Table  19) 
t^e  absolute  values  of  the  rata  constants  at  a  given  temperature  vere 
different,  which  suggests  that  the  catalyst  was  poitonel  prior  to  the  start 
of  the  rur.a.  With  only  0.5  g  catalysts  small  amounts  of  contew inants  can 
poison  an  appreciable  amount  of  catalyst  surface.  Thus  the  following  changes 
were  made  in  the  experimental  procedure  to  reduce  the  possibility  of  catalyst 
oontanlnation . 


1.  The  fresh  cstaJiyst  was  reduced  in  situ  with  hydrogen  with 
heating  at  1022*F  for  one  hour. 
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Table  !?•  DEHYDROGENATION  OF  DEaLINi  PILOTED  BED  REACTOR 
Effect  of  Prcasure 


Catalyst: 
Catalyst  Volume: 
LHSV: 

Block  Trap: 
Reaction  Time: 


IV  Pt  on  AlgOa 
0.5  »1 
1400 
792*F 
15  min 


Feed:  F-11J  Dscftlin 
74.6V  cls-DHN 
25.  OV  trane-DHN 
0.4V  THN 


Catalyst  diluted  with  2)  ml  Cu  and  6  ml  quartz  chips 


Run  Mo.  10J42- 

76 

77 

78-1 

70-2 

Pressure,  atm 

10 

20 

50 

10 

Temperature,  *F 

Vail 

779 

777 

765 

779 

Catalyat  Bed 

1/2  in.  Below  Top 

777 

770 

756 

779 

1  in.  Below  Top 

772  • 

761 

736 

760 

1-J./2  in.  Below  Top 

765 

758 

732 

761 

Bottom 

759 

756 

752 

756 

Product  Analysis,  Vw 

trtino-DHN 

24.4 

250 

26.8 

24.5 

cis-DHM 

68.1 

66,8 

64.7 

67.4 

THN 

2.7 

5.0 

4.5 

2.8 

N 

4.8 

4.9 

4.0 

5.3 

Yield  THN,  Vw 

2.5 

2,6 

4.0 

?.4 

DHN  Conversion,  Vw 

7.5 

7.9 

8.4 

8.1 

First  Order  Rate  Constant,  sec-1 

1.08 

0.55 

0,40 

1.17 
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2.  The  Cu  granules  ware  carefully  cleaned  by  repeated  washing  in 
hot  Isopropyl  alochol  until  they  were  dust-free. 

3*  The  length  of  the  heated  lead  was  ir.-ireestd  from  3  to  5  feet, 
to  insure  complete  vaporization  of  the  Deoalin  prior  to  entering  the  reactor. 

Reproducible  results  were  obtained  after  adopting  the  above  changes. 

An  extended  series  of  runs  was  made  with  F- 11?  Deoalin  (Feed  3; 

7U -63t  ola  DHN)  at  707-797*F,  LHS7  of  700  and  1400  and  at  10-20  atm  pressure. 

At  the  lower  pressure  DHN  conversions  ranged  from  1156  to  21<  at  IflSV  of  700 
and  from  6%  to  11.556  at  lltOO*F  (Table  20) .  The  catalyst  bed  wes  not  iso¬ 
thermal  and  temperature  differences  at  16*F  at  6lt  converaion  and  5 b*F  at  2156 
conversion  vjre  observed  between  the  top  and  a  point  1-1/2  in.  below  the  top 
of  the  bed.  The  data  were  reasonably  reproducible  and  at  any  one  temperature 
and  space  velocity  the  maximum  variation  in  rate  constants  (3  runs)  was  tl2i> 
and  the  closest  agreement  was  ±6i.  At  a  given  temperature  the  average  rate 
constant  (3  runs)  was  slightly  higher  at  the  higher  space  velocity.  This 
suggests  that  even  at  these  high  space  velocities  the  reaction  rate  Is  limited 
by  the  heat  transfer  rates.  Activation  energies  ranged  from  9.2  to  12.2 
kcal/mole  and  were  slightly  higher  for  first  order  kinetics  (Table  21).*) 

Figure  17  is  an  Arrhenius  plot  of  the  data.  Ad  was  observed  in  previous  work, 
there  was  some  cla  to  trana- isomerization  during  the  runs  at  the  lower  temper¬ 
atures  as  shown  by  the  increase  in  trens-DHN  concentration  in  the  product 
compared  to  that  in  the  feed  (Table  20) . 

With  increased  pressure  (10-25  atm)  at  752*F,  conversions  were 
reasonably  constant  at  any  one  space  velocity  (Table  22,  Figure  18) .  However 
the  first  order  rate  constants  declined  markedly  with  increased  pressure, 
while  the  zero  order  constants  increased  slightly.  This  suggests  thst  the 
reaction  order  with  respect  to  Decalin  is  closer  to  zero  order  at  these  low 
conversions.  Figure  18  shows  the  average  values  of  three  runs  for  conversions, 
zero  and  first  order  rate  constants  as  functions  of  pressure.  Again  cia-  to 
trena-ioocierization  was  observed  that  increased  with  increasing  pressure 
(Table  22). 

The  approximate  reaction  order  may  be  calculated  from  the  data  of 
Table  22  by  the  following  method.  Assuming  that  the  rate  of  dehydrogenation 
is  proportional  to  some  power  of  the  pressure  (i.e.,  concentration)  then 

r  -  kP° 

At  low  conversion  the  rate  is  equal  to  the  fraction  reacted  f,  per  unit  time, 
t,  end 

r  •  £  -  kP11 

In  a  flow  system  t  is  the  residence  time.  For  two  different  pressures  at  the 
same  apace  velocity  (i.e.,  constant  residence  time) 


-  kPy 


See  footnote  on  page  25- 
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Table  21.  DEHYDROGENATION  OF  DECAT.INS 


DILLTED-BED  ltEACTOR 

Apparent  Activation  Bieggica 

Catalysts  itf  Pt  on  Al^Oa 

Catalyst  Volumes  0.?  ml 
Pressures  10  atm 

Temp  Ranees  707-797 *F 

Catalyst  dilutol  with  23  ml  Cu 
granules  and  6  ml  riartz  chips 


Run  No.  lOjhP- 

130 

155 

142 

LKSV 

700 

moo 

700 

1400 

700 

1400 

Eact*  kcol/taole 
Zero  Order 

9.7 

9.2 

10.1 

10.8 

10.7 

11.8 

First  Order 

10.7 

9.7 

10.G 

11.6 

11.3 

12.2 

5T 
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a  then  ia  equal  to 


a  - 


logjj 

log  It 


Using  the  average  eorrveraion  value o  in  Table  22  10  and  20  atm,  IHSV  -  1400 


0.0^3 

0-301 


0.3U 


Thus  the  kinetic  order  of  the  dehydrogenation  of  Decal In  reaction  ia  about 
O.lA  the  power  of  Oecalin  or  close  to  zero  order.  Thia  la  only  an  epproxl- 
nation  however  aa  the  concentration  of  tetralin  and  hydrogen  may  alao  affect 
the  rate. 

In  thia  aeries  of  testa  the  reaction  did  not  appear  to  be  equili¬ 
bria?  limited  r.a  the  product  concentration  of  tetralin  and  naphthalene  were 
leas  than  the  equilibrium  values  (Figure  16) . 

In  another  aeries  of  runs,  leas  extensive  teats  were  carried  out 
with  all  six  feedstocks.  The  data  for  those  feeds  containing  only  Decalin 
are  presented  in  Table  23.  and  for  those  feeds  containing  tetralin  are 
presented  in  Table  2k. 

With  the  feeds  containing  only  Decalin  (Nos.  1,  2,  3)*  reactivity 
appeared  to  be  a  function  of  isomer  concentration.  Thus  the  feed  with  the 
highest  cis  isomer  concentration  (No.  3)  was  the  most  reactive  and  the  feed 
with  the  highest  trans  isomer  concentration  (No.  1)  was  the  least  reactive 
(of  conversions  or  the  rate  constants).  This  isomer  effect  on  Decalin 
reactivity  was  observed  at  higher  overall  conversions  in  previous  work.*' 

With  any  one  feed  the  reactivity  of  the  cia  iscmer  was  greater  than  that  of 
the  trans  when  the  cis  concentration  was  over  50$  (Feeds  2  and  3),  but  with 
a  high  trans  DHN  concentration  (Feed  1)  the  reactivity  of  the  cis  isomer 
was  greater  at  low  space  velocity  (700)  but  at  high  apace  velocity  the  reverse 
was  true .  Why  apace  velocity  should  effect  the  relative  reactivities  of  the 
cia  and  trans  DHN  isomers  is  not  clear,  but  it  does  not  appear  to  be  a 
temperature  or  conversion  effect. 

Overall  activation  energies  for  the  first  dehydrogenation  step 
were  inversely  proportional  to  reactivity  and  were  12,  20,  and  22  kcal/mole 
for  Feeds  3*  2,  and  1  respectively.  With  all  three  feeds  pressure  did  not 
appear  to  effect  conversion  appreciably. 

Some  Isomerization  occurred  concurrently  with  dehydrogenation. 

For  example  with  Feed  3  (7 U~6)6  cis)  in  four  of  the  runs  there  was  more  trans 
DHN  in  the  product  than  in  the  feed,  indicating  cis  to  trans  isomerization. 
With  the  high  trans  feed  however  (No.  1;  91.0)6  trans)  the  amount  of  cis  in 
the  product  was  greater  than  that  in  the  feed  in  only  one  run.  This  suggests 
that  the  rate  of  cis  to  trans  isomerization  was  greater  than  that  of  trans 
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to  el*,  although  the  rate  of  the  latter  reaction  have  been  equilihritaa 
limited  as  the  percent  cis  at  equilibrium  at  7C0*F  is  about  11%  (figure  19) « 

Pure  tetralin  was  3  to  k  times  more  reactive  than  Decalin  (Tnhle  2k) . 
Quantitatively  base  on  first  order  rate  constants,  TON  was  2. 8-3.1  times  more 
reactive  than  cis  DHN  (Feed  3)  and  3. 3-3-9  times  more  reactive  than  trcna 
DHN  (Feed  1).  Tetralin  conversions  ranged  from  15  to  3 2%  with  high  selectiv¬ 
ity  for  naphthalene  (90-99 %) •  Conversion  of  tetralin  to  Decalin  was  ieea 
than  1%  except  for  the  run  at  lowest  temperature  IHSV  and  highest  pressure 
(i.e>,  longest  contact  time)  where  about  10%  of  the  tetralin  reacted  was 
converted  to  Decalin  (Run  I6k-l).  The  activation  energy  (first  order  con¬ 
stants)  was  at  15  kcal/mole,  which  was  somewhat  lower  than  the  2k  kcal/mole 
calculated  earlier  from  Decalin  dehydrogenation  data.1®'  As  was  observed 
with  Decalin,  pressure  did  not  affect  conversion. 

When  mixed  with  Decalin  the  relative  reactivity  of  tetralin  waa 
greater  than  was  observed  with  the  pure  components.  Thus  when  mixed  with 
cIb  Decalin  (Feed  k)  based  on  first  order  rate  constants  the  reactivity  of 
TEN  was  k .5-5 .5  times  that  of  Decalin  (Table  2k)  while  with  a  trens  DHN 
mixture  (Feed  5)  the  reactivity  of  TON  was  7*7  times  that  of  Decalin. 

Activation  energies  for  dehydrogenation  of  TOM  and  DHN  were  lower  in  the 
mixtures  than  were  observed  for  pure  components. 

Summary 

The  results  obtained  with  Decalin  and  tetralin  over  a  diluted 
catalyst  bed  at  high  space  velocities  generally  were  in  agreement  with  those 
obtained  in  earlier  work  with  an  undiluted  catalyst  bed  (7  ml  catalyst;  IHSV 
of  iOO);1'  namely  that  eis-Decalin  was  more  reactive  than  trans  for  both 
dehydrogenation  and  isomerization.  However  for  dehydrogenation  in  the  diluted 
catalyst  bed  the  value  of  the  first  order  rate  constant  at  752*F,  10  atm, 

(1.16  sec"1)  was  about  tvioe  that  obtained  under  standard  testing  (0.63  sec"1) 
and  the  activation  energies  (10  atm)  were  about  28%  to  60%  higher  with  the 
diluted  bed  technique.  This  suggests  that  the  rate  of  heat  transfer  to  the 
catalyst  waa  greater  in  the  diluted  bed-high  space  velocity  configuration 
which  in  turn  lead  to  higher  reaction  rate.  These  results  support  0  previous 
conclusion  namely  that  during  tlie  earlier  bench-scale  tests  the  rate  of  heat 
transfer  from  the  reactor  wall  to  the  catalyst  bed  was  a  limiting  factor  in 
the  overall  rate. 

Pure  tetralin  was  more  reactive  than  Decalin  for  dehydrogenation 
and  the  rate  of  dehydrogenation  of  tetralin  was  greater  than  the  rate  of 
hydrogenation.  The  dehydrogenation  of  both  Decalin  and  tetralin  were  about 
zero  order  in  hydrocarbon.  At  low  cor versions  activation  energies  appeared 
somewhat  higher  than  those  obtained  in  earlier  work,  possibly  due  to  better 
heat  transfer  at  higher  conversions  and  temperatures.  In  Decalin- tetralin 
mixtures  the  relative  reactivity  of  tetralin  was  greater  than  was  observed 
with  pure  components. 

Additional  work  will  be  done  on  the  Decalin-tetraltn  system  only 
if  needed  for  the  development  of  the  computer  program  for  this  reaction. 
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Hench-foale  Catalyst  Evaluation  Teats  With  Methyloyclohexane 

A  number  of  oatalysta  that  appeared  promising  under  raioro-soale 
tooting  (MICTR)  were  evaluated  in  the  bench-scale  reactor.  These  catalysts 
conflicted  of  active  metals  mounted  on  various  supports.  A  test  procedure 
hae  been  described  in  a  previous  report17)  which  gives  a  meeoure  of  tho 
effect  of  temperature,  preosure,  spcoe  veloolty  (i.e.,  contact  time)  and 
ataiyot  stability  over  a  three-hour  tost  period  using  a  single  charge  of 
catalyst.  This  test  involves  making  a  series  of  runs  at  842  and  1022*F, 

10  and  30  atm,  and  LHSV'a  of  50  and  100. 

The  tests  were  done  in  groups  with  a  test  with  the  standard  labora¬ 
tory  catalyst  done  in  eech  group  for  reference.  Different  Meehanite  furnace 
liners  werduoed  for  two  groups  of  testa  and  these  liners  made  better  contact 
with  the  reactor  tube  wall.  Presumably  this  better  metal-to-metal  contact 
enhanced  the  heat  conductivity  of  the  oyottm  and  resulted  In  the  higher  MCH 
conversions  for  a  given  block  temperature  that  was  observed  in  the  second 
and  third  series  of  runs. 

The  results  of  the  tests,  the  conditions  of  each  run,  and  the  order 
in  which  the  runs  were  made  are  shown  in  Table  25.  Each  catalyst  was  rated 
as  to  "Relative  Performance".  This  rating  was  designed  to  show  how  the 
catalyst  was  performing  at  the  end  of  the  test,  relative  to  the  standard 
catalyst  and  quantitatively  was  taken  as  the  ratio  of  the  first  order  rate 
constant  with  the  catalyst  (kg)  to  that  with  the  standard  catalyst  (kg) 
calculated  from  the  MCH  conversion  of  Run  No.  ?.  Based  on  this  criteria  12 
of  the  catalysts  were  superior  to  our  standard  catalyst  (11  to  32$  more 
active);  one  performed  about  like  the  standard  cetalyst;  and  one  was 
considerably  leas  active  and  extremely  unstable  and  deactivated  badly  during 
the  initial  run  at  842 *F 

Activation  energies  ranged  from  10.6  (standard  catalyst)  to  15 »5 
koal/mole.  These  values  were  calculated  from  the  rate  constants  obtained  from 
the  data  of  Runs  1  and  2.  All  of  the  activation  energies  were  greater  than 
that  of  the  standard  catalyst;  this  suggests  that  the  new  catalysts  would 
be  even  more  active  than  the  standard  catalyst  at  temperatures  above  1022*F. 
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Conventional  Catalysts  mod  Catalytic  Coatings 

the  extensive  catalyst  preparation  and  testing  program  begun 
undtr  this  contract  has  continued.19'  The  principal  emphasis  has  been  to 
dovelop  catalysts  that  are  more  active  and  stable  than  the  1$  Pt/aliralna 
reference  catalyst,  for  endothermic  reactions  such  ea  naphthene  dehydrogena¬ 
tion.  Various  attempts  have  been  made  to  Increase  activity  by  promoting 
platinum  with  other  metals  or  to  better  disperse  platinum  by  various  tech¬ 
niques.  The  search  for  active  substitute  metals  or  metal  combinations  for 
the  very  expensive  platinum31)  and  substitute  supports  for  alumina  has 
continued.  Various  disciplines  of  approach  to  catalysts  have  been  considered 
In  the  following  catalyst  preparation  studies  (of  refs  P3-3Q)  • 

In  addition  methods  of  bonding  thin  catalytio  coatings  (i.e.,  3-8 
mils)  to  metal  walla  have  bean  actively  explored.  Such  active  catalytio 
coatings  are  deslreble  since  they  provide  a  method  of  reducing  pressure  drop 
across  a  reacting  beat  absorbing  zone.  Some  developments  hive  been  made 
earlier  in  this  field,  mainly  for  cracking  and  oxidation  re  otions.32)33)'  ) 

A  total  of  336  catalysts  have  been  prepared,  or  obtained  from 
proprietary  end  commercial  sources,  and  nearly  all  of  these  have  been  evalu¬ 
ated.  These  lnolude  metal  tubes  oatalytioslly  coated  In  various  ways.  The 
granular  catalysts  have  been  screened  for  MCH  dehydrogenation  activ  ty  at 
10  atm  pressure,  usually  at  LK3V  100,  and  at  662*,  752*,  and  842*F  in  the 
micro-scale  test  rig  (MICTH) .  Certain  selected  types  of  granular  catalysts 
also  have  been  screened  for  n-heptsne  dehydrocyclizetion  to  toluene,  at 
ilBV  10,  at  842  and  932*F,  and  10  atm  pressure. 

A  number  of  catalytio  coatings  on  hypodermic  tubing  were  screened 
initially.  In  these  runs  with  MCH  the  hypodermic  tubing  was  placed  within 
the  standard  l/4"  00  reactor  tube  for  testing.  Adequate  clearance  for 
passage  of  the  MCH  and  dehydrogenation  products  was  allowed.  Later  the 
coatings  were  emplaced  on  the  Interior  surfaces  of  the  1/4"  00  reactor  tubes 
for  better  heat  transfer  during  the  screening  with  MCH.  Catalysts  of  the 
same  composition  as  the  coating  formulation  were  often  tested  in  10-20  mesh 
granular  form  for  mechanical  ojnvenience,  for  evaluation  of  the  efficacy  of 
the  formulations. 

The  purpose  of  the  screening  tests  Is  to  obtain  a  quick  comparison 
with  the  reference  catalysts  (9874-24  or  9874-139;  1^  Pt/UQP  R-8  type  A1jjOs), 
and  to  eliminate  catalysts  with  activities  too  low  to  be  of  practical 
Importance.  After  a  favorable  screening,  some  of  the  more  active  granular 
catalysts  or  their  prototypes  have  bten  further  evaluated  for  activity  and  . 
life  in  the  bench-scale  reactor  with  MCH  and  Decdln  at  higher  temperatures 
A  sketch  and  photographs  of  the  MICTF.  are  shown  in  Flguree  87.  68,  end  89,  in 
the  appendix  of  reference  19,  along  with  a  description  of  operation  details. 

Conventional  Catalysts 

Preparation 

The  vast  majority  of  catalysts  have  been  prepared  by  impregnation 
of  various  supports  with  one  or  more  metal  salt  or  metal  complex  solutions; 

aj  Cf  pages  4C-42,  of  this  report".  " 
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followed  by  oven  dry  Ira,  tod  reduction  In  situ  In  the  MXCTR  prior  to  testing* 
Typically  only  email  quantities  of  any  particular  catalyst  have  teen  prepared, 
l.e.,  a  few  grams  to  JO  grams.  The  amounts  of  metals  employed  are  within  the 
broad  limits  of  1  to  *0%  and  most  comaonly  within  the  limits  of  Since 

virtually  all  the  individual  metals  In  the  periodic  system  that  are  known  or 
can  be  expeotod  to  have  dehydrogenating  properties  were  studied  earlier  or 
various  supports  (ref  19,  p  121),  the  principal  present  effort  has  been 
devoted  to  discovering  supported  bimetallic  or  triroe  tellic  combinations  equal 
to  or  better  than  supported  platinum.  This  Is  particularly  important  In  view 
of  the  rapidly  Increasing  cost  and  decreasing  availability  of  platinum  during 
the  past  year,91)  and  the  possibility  of  substituting  cheaper  metal  combina¬ 
tions  has  been  emphasized. 

M1CTR  Evaluation  With  HCH  and  n- Heptane 
Mathyloyclohcxane  Dehydrogenation 

The  results  of  the  MXCTR  teats  with  various  oatalysts  are  given  in 
detail  chronologically  in  Tables  66,  67.  68  and  TO,  In  the  Appendix  of  this 
report.  Certain  of  the  results  with  MCH  ere  summarized  in  the  following 
tables  which  contain  first  order  rate  constant  comparisons  with  that  of  the 
reference  oatalysts  at  T52"F  (if  Pt/UOP  RrO  type  AI3O3) . 

Granular  oatalysts  consisting  of  substantial  amounts  of  platinum  on 
various  supports  such  as  alumina,  silica,  carbon,  and  magnesia  are  generally 
tbs  most  active  In  the  MXCTR  tests.  A  number  of  these  oatalysts  have  been 
found  to  be  very  active  at  the  higher  temperatures  used  in  the  bench-scale 
test,  and  tons  of  these  have  better  activity-stability  with  both  MCH  and 
Decal  In  feed  than  the  reference  oatalysts.  The  ratio  of  first  order  rate 
constants  for  bosk  of  the  better  oatalysts  vs  that  of  the  reference  catalyst 
(9874-24)  with  MCH  at  1HSV  100  and  752  *F  are  shown  In  Table  36.  Included 
era  typical  granular  catalysts  and  same  of  the  earl  ler“c  and  id  ate  catalytlo 
coatings  (In  granular  form).  These  and  subsequent  data  are  based  on  the 
conversion  of  MCH  at  constant  catalyst  volume,  and  since  the  catalyst  densities 
very,  different  weights  are  ohaiged  as  shown  in  column  4  of  Table  26.  Thus, 
laboratory  catalyst  9374-7  which  Is  36$  denser  than  the  reference  catalyst  has 
a  cb$  higher  rate  on  a  constant  volume  basis.  A  second  factor  Is  variation 
of  surface  area  and  Intrinsic  activity  per  unit  area.  Another  factor  is 
catalyst  particle  size  range  which  Is  usually  controlled  within  the  limit-  of 
10-30  mesh  (cccp are  runs  283  and  284,  Table  26).  For  the  same  charging  weight 
of  catalyst  10230- £4 A  which  has  a  relative  rate  of  1.28  for  10-20  mesh 
particles,  the  rate  Is  1.06  for  10-14  mesh  particles  and  1.40  for  14-20  mesh 
particles.  Thus,  dlffusivlty  is  still  an  important  factor  influencing  the 
rate  In  this  particle  size  range. 

Fart  of  this  study  has  been  devoted  to  Improving  the  performance  of 
platinum  on  alumina  catalysts.  Earlier  it  was  pointed  out  that  higher  activity 
than  reference  catalyst  results  on  optimizing  Ft  content  and  using  higher 
surface  area  supports. 1P)  Also,  as  pointed  out  previously,  higher  density 
supports  tend  to  give  higher  volumetric  activity. 

Moderate  Increases  In  the  first  order  rates  of  dehydrogenation  of 
MCH  results  from  using  octuple red  platinum  solutions  neutralized  with  certain 
acids  on  impregnating  the  same  type  1  support  with  4$  Pt  ( 10280- 8lC,  8 IE,  and 
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— 2*‘  RATTS  or  MOB  D&cmsoarmrrru 

.BY  TOE  MORE  ACTIVE  CATALY^ - - 


Period:  June-  I96T  to  June,  1968 

Reference:  1%  Pt/ft-8  A1h03  (9074-24 •  v,-.#.  -  1  nn\ 

r-t.  kn  -wrsroais  «m*  Mrog„ 


Run  Mo.  ») 
266,268,270 

288 


Catalyst 


No. 


292 

283 

284 

294 

296 

293 

an 

351 

388 

392 

415 


9874-7 

10200-45 

10280-24 A 

10280-24A 

10280-24A 

10280-39B 


Deecrlation 


1^  Pt/Harsbew  0104  A1*03 


5^  Pt/type  6  support 
(repeat  of  9074-lfilB) 

4%  Pt/eupport  type  1 
10-20  nesb 


u.  „  ^  Relative  Rate 
njeoted  vjtg  (75,Vf) 

1.26 


4*  Pt/eupport  type  1 
14-20  aesh 


4%  Pt/eupport  type  1 
10-14  neeh 


4 %  Pt/type  2  support 


'  — rr  * 

10280-431)4)  ^  Pt/pelletdd  type  1 
eupport 


10280- 43e4)  **  Pt/pelleted  type  1 
eupport 


O.76  g. 
O.56 

O.56 
O.56 
0.56 

0.400 
0.67 


1.56 

1.28 

1.4o 

1.06 

1.23 


1.28 


10280-33^  4%  Pt/type  2  support 
10280- 77B 


10280- 83 D 
10280-810 


2%Pt/8o%type  1  eupport 
20%  type  6  binder 

2%  Pt/80%  type  1  eupport 
20%  type  6  binder 


0.643 

o.4n 

0.746 


1.19 

1.33 

1.38 


422 


10280-980 
10280- 104B 


2%  Pt/type  1  eupport 

2%  Pt/4o%  type  1  eupport 
40%  type  1  support 
20%  type  6  binder 


O.702 

0.705 

0.516 


1.23 

1.38 


1-31 


423 

509 


2%  Pt/4o%  type  1  eupport 
40%  type  1  eupport 
20%  type  6  binder 


0.609 


1.37 


O.700 

0.724 


1*3? 

1.08 


10200- 106C  *•%  Pt/80%  type  1  support 

£0%  type  6  binder 

10280-1214)  4%  Pt/type  1  support  0.724  1  08 

and  Summary  Tables  in  the  text?  number  in  the  Appendix  Table®, 

b)  Evaluated  in  bench-scale,  cf  page  40,  of  this  report. 

(Continued) 
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Table  26(Contd ).  RKIATIVE  RATFS  OF  MCrt  DgKYSRQCFHATION 

BY  TliE  I'iJUj-;.  ACTIVE  CATALTbXS 


Run  No.®) 

Catalyst 

Rt-lative  Rate 

No. 

Description 

Vt  Tested 

1  Wilkin,  mil 

526 

10280-129b) 

4$  Pt/typo  1  support 
(muffled  at  1097‘r) 

0.697 

1.21 

527 

10280-1JOE 

Pt/typc  1  support 
(muffled  at  1097*F) 

0.672 

1.37 

OlT  compared  to  control  81A,  cf  Table  27) .  Muffling®)  of  theso  catalysts  lu 
air  at  lil2*F  prior  to  the  usual  reduction  in  hydrogen  (a^  707*^)  gives 
vartou/i  additional  activity  improvements  in  certain  instances  ( i.e.,  1O28O-01A, 
8lB,  and  81D).  The  effect  was  adverse  in  one  instance  (8lC)  and  without  roach 
effect  in  two  other  cases  (8lE  and  81F).  "he  higher  initial  rate  of  3 IF  la 
partly  aacribable  to  a  breakdown  of  part  *8  to  n mailer  dimensions-  Generally 
with  catalysts  of  the  1O20O-81A  type,  activity  declines  only  ibove  1293*F 
muffling  In  air  (i.e.,  1444*F).  (Cf  catalysts  of  the  143  series,  runs  575-5T8 
and  595-590,  Table  60,  of  the  Appendix.)  Muffling  at  1112 *F  causes  a 
substantial  activity  decline  in  catalysts  9874-159  and  90,  arri  is  without 
effect  for  ref  catalyst  9874.7  (cf  run  545  va  554,  548  vs  555,  and  558  vs  557). 

Table  27.  EFFECT  OF  NEUTRALIZATION  OF  PIATINUM  IMPREGNATE 
BY  VARIOUS  ACIDS  ON  fCH  DEHYDROGENATION  ACTIVITY 

Period :  Septeraber-Noveaber  1967 

Conditions:  Same  as  for  Table  26 


Catalyst 

Number 

10230- 

Pt,  s 

Acid  Used 

Fbr  Neutral¬ 
ization 

Run  No. 

Ec/ha 

(752*F)tt) 

Dried 

Calcined 
at  1112* F 

6lP. 

None 

378,309 

1.13 

1.21 

8lB 

n 

1 

379,390 

1.18 

1.39 

81C 

mm 

2 

380,391 

1.30 

l.OJ 

OlD 

|| 

3 

381,392 

1.81 

1.38 

81E 

4 

382,394 

1.31 

1.29 

8lF 

B 

5 

383,295 

1.49^5 

I.45*) 

catalyst;  lr0  «  first  order  rate  constant  of  15>  Pt/ 
R-o  AlijOa  catalyst  (ref). 

b)  The  10-20  mesh  particles  broke  down  to  smaller  sizes 
which  would  tend  to  increase  activity  somewhat. 

c)  Control. 


a5  Miff  ling  -  heating  in  a  muffle  furnace. 
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Various  other  attempts  to  disperse  platinum  on  this  sane  support., 
such  as  chemical  reduction  of  the  c  cop  lax  platinum  salt  la  situ,  or  longer 
Inpregnatira  of  the  support  with  the  platinum  coupler,  gave  no  Improvement  In 
activity  (of  10280- 145F  and  176A,  resp;  runs  601  and  624  in  Table  68,  of  the 
Appendix) . 

A  umber  of  older  ?t/type  1  support  catalysts  have  been  retested 
for  c  cop  arisen  with  similar  more  recently  prepared  catalysts  which  appeared 
less  active  under  present  test  conditions.  Generally,  their  first  order 
rate  constants  were  lower  relative  to  the  reference  catalyst,  them  originally 
found.  This  probably  results  In  part  from  removal  of  flnesa)  less  than  20 
mesh  which  la  now  routinely  done.  Previously  it  was  shown  that  the  activity 
increases  substantially  with  decreasing  particle  size.  Tbs  results  ere 
summarized  in  Table  28  and  detailed  in  Table  68,  of  the  Appendix. 

Table  28.  RELATIVE  MCH  DZHTRCCSNAXION  RATES  - 


Of ‘SEVERAL  OLDER  SUPPOimD  Ft  CADALTSTS 


Conditions:  LhSV  100,  10  atm  pressure,  no  added 
hydrogen  0.9  ml  10-20  mesh  catalysts 
diluted  with  quartz  to  2.0  ml 
(ce.talyBta  prereduced  at  797 *F) 


v».f)  r 


Catalyst  Description 


Pt®tytype  1  support  ' 
K  Pt/iype  1  support* {. 

Pt/type  1  support*  :a  { 
U/j  Pt/type  1  support*  '*{  . 
Pt/type  1  support*'®' 


Impregnate  acidified. 

Support  used  as  received. 

c)  Support  muffled  at  952 *F  before  impregnation. 

d)  Catalyst  muffled  at  1095*F  in  air  before  testing, 
c)  Different  than  used  for  9374-199  catalyst  series, 
f)  See  footnote  (e)  Tcble  27  ♦ 


A  highly  active  catalyst  results  at  4jt  Ft  loading  of  a  new 
spherical  type  1  support  of  high  density  (0.76)  and  high  surface  area 
(285  m*/g)  (cf  catalysts  IO280-91A  and  9 LB;  Table  66  of  the  Appendix).  A 
large  quantity  )436  ml)  of  a  catalyst  of  the  91B  type  has  been  made  for 
evaluation  in  the  FSSTR  (10280-115). 

A  number  of  additional  metals  on  various  supports  were  also 
evaluated;  end  of  these  only  metals  A  (previously  noted)  on  type  1  or  2 
supports,  metal  B  an  type  2  support,  and  metal  D  cm  type  1  support  appear 


This  occurs  in  some  cases  by  decrepitation  resulting  from  contact  vi 
the  Impregnate  solution. 
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p  reads  ing  (cf  Tabla  ?9).  Thtaa  bare  been  studied  further  in  various  bimetallic 
and  trimotallio  coEhuoattuas  cm  various  supports  (see  later  section). 

Table  f-Q.  R"  TATm  MCH  DHIYDIK/TEHATIOiJ  R/iTB3  VI TH 
VAhiO  ■  SI  JLE  K>7i/J<3  0,J  jjJVt'JlAL  SU1  PUKIS 


Run 

No. 

T5T“ 

10230- 

Catalyjt  Description 

Metal  Type  Support  Tvpe 

325 

l4oi 

1 k 

2 

0.84 

500 

119K 

lit  A 

1 

0 .77 

6T1 

185E 

4*  B 

a 

0.8? 

33T 

661 

hi  B 

2 

0.46 

425 

102F 

5$  c 

1 

0.0 

661 

1T2 

4  iD 

1 

0.82 

466 

I11B 

20 i  E 

1 

0-12 

465 

1111 

20 i  F 

1 

0.33 

290 

36 

516  0 

1 

0.0 

349 

66b 

5  i  o 

2 

0.0 

299 

42 

5  i  ii 

1 

0.0 

a)  See  footnote  *),  Table  2f.~ 


Bimetallic* 

Various  praaotcro  of  activity  for  platinum  on  type  1  or  2  supports 
have  been  evaluated  in  the  M1CTK.  Many  of  these  are  listed  in  Table  >0  with 
their  relative  rates  at  752*F  with  MCH  at  HOT  100.  These  praaotcro  are 
either  without  beneficial  effect  or  are  deleterious  to  platinum  activity. 

Many  supported  bimetallic a  (not  containing  platinum)  have  been 
examined  and  a  few  of  these  hove  shown  same  promise.  Data  for  one  of  these 
systems  is  shown  in  (Table  jl).  One  of  the  supported  (type  l)  metals  5s 
completely  inactive  aKPSEs  other  supported  metal  alone  has  activity  up  to 
T52*F  but  becomes  Inactive  at  842*F  (10280-102F  and  661,  reap).  Over  a  wide 
range  of  compositions  these  two  metals  cooperate  with  a  broad  maximum  of 
activity  at  o62-842*F.  The  highest  rate,  however,  la  only  80 i  of  that  of  the 
reference  catalyst. 

Tria»e  tallies 

Many  trime tallies  on  type  1  support  have  been  evaluated  in  the  MXCTR 
with  MCH;  one  of  these  metals  vas  platinum.  None  of  the  metal  combinations 
used  in  the  explorative  nhjaa  promoted  platinum  activity,  and  a  number  were 
deleterious  (cf  Table  32) . 

Some  of  the  more  promising  metals  were  evaluated  also  In  bimetallic 
or  trime  tall  ic  combinations  in  different  proportions  on  type  1  support  (cf 
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Table  50.  RKIATUrg  ?-CH  DtJgDROCgKATICW 
KATES  WITH  SUPPORTED  VARIABLE 
COMPOSITION  BinSIALUGS 

Period:  March- May,  1963 

Conditions:  LHSV  300,  10  «ta  pressure,  no  added 
hydrogen.  0.9  ml  10-20  mesh  cat»v 
lyst  diluted  with  quarts  to  2.0  al 
(oatalyotn  reduced  In  situ). 


Bun 

Wo. 

Catalyut 

Wo.  10280- 

pt 

Bimetallic 

Promoter 

Ko^(752*F) 

667 

135A 

Type  2  Support 

4$  0}  B( Control) 

1.0 

668 

l£5B 

1t> 

1*  B 

O.96 

669 

I85C 

2* 

H  B 

0.97 

670 

1850 

1 i 

3*  B 

0.84 

6T1 

1B5E 

0 

4*  B 

0.8T 

624 

1'|6A 

ta*_i  Support 
ki  0 

1.14 

63 6 

15  TB 

3* 

Ha 

0.87 

635 

157A 

1* 

3*  B 

0.86 

337 

66A 

0 

4%  B 

o.4o 

369 

T9B 

1* 

0  (Control) 

1.00 

370 

79C 

1* 

1*  C 

0.35 

371 

790 

1 i 

1*  1 

0.49 

372 

79K 

1* 

m  m 

0.93 

r.  6 

42A 

1* 

1*  M 

0.44 

373 

79F 

1* 

1*  N 

0.60 

375 

80C 

1* 

1*  y 

0.68 

376 

Sob 

14  B 

0.68 

A?AH^TR^7-ll4 
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Table  2%) «  One a  again  none  of  these  combinations  produced  a  more  active 
catalyst  than  platinum  alone  and  some  were  deleterious  to  activity. 


Table  31. 
- T&TZ5 


KEIATIVE  MCH  DEHYDROGENATION 

^  TOT/jimitnrwKcnr® — 

OHTTIM  T  suiToItJ 


Period:  September- November,  19^7 

Conditions:  LHSV  100,  10  atm  pressure, 
no  added  hydrogen  0.9  ml, 
10-20  mesh  catalyst  dilut¬ 
ed  with  quartz  to  2.0  ml 


(catalyst  reduced  In  aitu). 

Bun 

Catalyst 

Bimetallic 

No.  10280- 

£c 

n 

42$ 

1021* 

5 

0 

c 

426 

102A 

2 

k 

0.74 

427 

102B 

5 

5 

0.78 

428 

102C 

10 

4 

0.69 

446 

109B 

10 

2 

0.74 

429 

102D 

5 

2 

0.69 

430 

102E 

5 

6 

0.67 

337 

664 

0 

4 

0.46 

Table  32. 

RELATIVE  MCH  DEHYDROGENATION  RATES 

WITH  VARIABLE  COMPOSITION  TPJMETALLICS 

Run 

Catalyst 

Trimetallic 

No. 

No.  10280- 

E2®1 

624 

176A 

4* 

Pt 

0 

0 

657 

363A 

it 

Pt 

1 i 

K 

it 

D 

656 

153B 

it 

Pt 

it 

F 

1* 

D 

659 

163C 

it 

Pt 

it 

A 

it 

D 

660 

163D 

it 

Pt 

1  i 

G 

1 1 

D 

664 

163E 

it 

Pt 

it 

H 

it 

D 

665 

163F  . 

it 

Pt 

1 1 

I 

it 

D 

639 

159C 

1 $ 

Pt 

it 

B 

i< 

D 

640 

16 1A 

it 

Ft 

it 

E 

3* 

D 

641 

16  IB 

it 

Pt 

1 1 

F 

3 1 

D 

645 

16  ID 

it 

Pt 

it 

0 

it 

D 

646 

161C 

it 

Pt 

1* 

H 

it 

D 

647 

16  IF 

it 

Pt 

it 

I' 

it 

D 

a]  Period:  March- May,  1968, Conditions 
Dehydrogenation  of  iv  Heptane 


Xc/Kfl_CEg‘U, 
1.14 
0.88 
0.91 
0.97 
1.04 
O.91 
0.72 
0.94 
0.75 
0.79 
0.89 
O.78 
0.69 


In  Table  jT. 


A  croes-Hootion  of  various  catalyst  types  have  been  screened  for 
dehydrocyolization  of  ivheptane  to  toluene,  at  LISV  10,  10  atm  pressure,  and 
at  842  and  932 'F,  without  added  hydrogen.  At  complete  conversion  the  combined 
sensible  and  reaction  heats  expected  at  932*F  would  be  about  955  Btu/lb  for 
cracking  end  1774  Btu/lb  for  dehydrocyolization.  The  results  of  these  tests 
are  given  in  Table  70  of  the  Appendix,  with  catalyst  9874-24  used  as  reference. 
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■iable  33.  RELATIVE  MSH  DEHYDROG STATION  RATES  WITH  VARIOUS 
AMOUNTS  OF  SUPPORTED  BIKfclALLIGS  AND  gUjgggSiSg 

Conditionoi  UISV  100,  10  atn  presauru,  no  addud  hydrogen, 

0.9  ml  10-20  mash  catalycts  diluted  with  quart* 
to  2.0  ml  (catalyst!  prereduced  at  797*7), 
temperature  »  762*7 


Catalyst 

Ho. 

10280- 

Percent  by  Wt 

Run 

Ho. 

VK*',b> 

(762*7) 

Run 

Ho. 

(762*7) 

* 

k 

* 

119A 

1 

0 

0 

602 

1.05 

121 

4 

0 

0 

606 

1.13 

- 

1193 

0 

1 

0 

608 

0.77 

«* 

119B 

1 

1 

0 

60S 

0.97 

• 

HOC 

1 

2 

0 

603 

1.0S 

- 

lien 

1 

3 

0 

607 

0.96 

• 

1190 

2 

1 

0 

612 

0.S2 

641 

1.03 

i:w 

2 

2 

0 

616 

1.06 

630 

1.14 

119H 

3 

1 

0 

613 

1.14 

638 

1.25 

1191 

3 

3 

0 

61$ 

1.00 

640 

1.03 

120D 

0 

0 

1 

520 

0.13 

«t 

170A 

1 

0 

1 

617 

0.70 

m 

12  GB 

1 

0 

2 

818 

0.63 

m 

120C 

1 

0 

3 

619 

0.60 

1208 

2 

0 

1 

621 

0.70 

•» 

1207 

3 

0 

1 

622 

0.86 

m 

1208 

3 

0 

2 

524 

0.86 

m 

1200 

3 

0 

a 

623 

0.74 

122A 

1 

1 

i 

632 

0.04 

«* 

1227 

1 

1 

3 

635 

0.64 

i » 

1220 

1 

3 

3 

633 

0.04 

1228 

3 

1 

1 

63S 

1.10 

1228 

3 

3 

1 

634 

1.11 

1221 

3 

3 

2 

537 

0.93 

122B 

3 

3 

3 

629 

1.00 

122C 

3 

A 

3 

630 

».*•» 

a)  K0  ■  first  order  rat*  eonetant  of  experimental  catalyst 
K,  “  first  order  rata  constant  of  reference  catalyst 
(0871-130)  <«;  Pt/Al, Oj  R-8  type). 
t>)  269*7  dried  before  reduction, 

c)  Muffled  at  1112*C  in  air  before  reduction. 


Many  of  thf  catalysts  were  completely  Inactive  under  these  conditions  and 
others  formed  substantial  amounts  of  cracked  products  as  well  as  toluene  at 
the  highest  temperature;  little  or  no  hexenes  were  formed.  In  several 
Instances  almost  complete  conversion  to  cracked  products  occurred  ( i.e.# 
67**9-3}B#  10280. lliA,  111B,  and  U7C:  Table  70  of  the  Appendix).  In  view  of 
the  low  allowable  apace  velocity  (10)  an  compared  to  MCH  dehydrogenation 
(100-200),  as  well  as  the  undesirable  nature  of  the  products#  none  of  the  cata¬ 
lysts  tested  under  these  conditions  appears  premising  for  heat  a ink  usage.  In 
cases  where  extensive  cracking  occurs  carbon  formation  would  be  expeoted  to 
limit  catalyst  life.  However#  a  very  active  cracking  catalyst  might  be  useful 
as  a  dispersed  phase  catalyst  (especially  if  some  dahydrocyclizatlon  also 
occurred). 


-  77  - 


I 


#■  "t 


»  ' 


■  t  •  ■ 


AyAFL-Tlt-67-114 
Part  II 


Catalytic  CoatlrffS 

Preparation  and  Oracular  Evaluation  With  MCH 

Preliminary  experiments  were  made  by  coating  stainless  steel  wi^h 
thin  layers  of  catalyat  supports.  Stainless  steel  strips  (lrt  x  8")  were  first 
sand-blasted  and  then  degreased  with  acetone*  prior  to  coating  most  of  the 
trials  were  made  by  starting  with  wet  paste  mixtures  prepared  from  typo  1 
supports  art  various  binding  materials.  The  pastes  were  emplaced  by  omearing 
with  a  spatula  on  the  strips  and  in  sane  cases  a  scalp  massage  vibrator  was 
used  to  smooth  the  thixotropic  coating.  After  drying  in  air  and  at  2S4*F, 
strips  with  coatings  having  good  ad has Ion  were  heated  in  a  muffle  furnace  at 
£32 *F  or  lower  temperature  for  a  further  chock.  Coatings  were  shout  £0  oils 
in  thioknreo-  Coating  candidates  wore  also  placed  on  the  exterior  of 
roughened  hypciejcraic  tubing*®)  stainless  steel  screen*  or  mnde  ns  granular 
supports  which  after  platinizing  were  tested  in  the  MICTR.  Evaluation  of 
platinised  granular  formulations  Is  convenient  and  useful  to  determine  the 
catalytic  efficacy  of  the  aoatlngs.  The  evaluation  of  mechanical  properties 
of  the  earlier  coatings  Is  shown  in  Table  69  of  the  Appendix  which  gives  the 
number  of  granular  or  tube  catalysts  derived  therefrom.  Good  adhesion  was 
obtained  with  an  60^  mixture  of  finely  ground  fibrous  type  1  support  and 
partieulcte  type  1  supports  (1:1)  and  20^  type  6  binder  ( f ormuletian  l),  or 
with  a  particulate  type  1  supports  and  type  0  binder  (4:1)  (formulation  II). 
Supports  of  this  type  (after  platinizing)  are  very  active  for  MCH  dehydrogen¬ 
ation  (of  Runs  415*  417  and  492*  in  Table  35»  next  section). 

A  large  number  of  these  catalysts  have  shown  activity  exceeding 
that  of  the  reference  catalyst  and  equaling  that  of  the  best  previously 
prepared  granular  catalyst*  on  the  same  volume  or  weight  charging  basis 
(i.s.#  77A#  77B»  106C,  75 E,  SSB,  89B,  98c,  104b*  92A*  92B,  92C  and  98D).  The 
most  satisfactory  non-shrinking  and  adherent  formulations  are  still  those 
prepared  from  fibrous  and  particulate  type  1  supports  and  type  6  hinder. 
Adherence  to  sand  blasted  stainless  steel  strips  1b  reasonably  good*  but 
further  Improvement  in  this  respect  Is  desirable.  Attempts  were  made  to  raise 
activity  per  unit  volume  by  using  a  high  density  (lew  surface  atca)  type  1 
particulate  support  In  the  formulation*  but  little  Is  gained  In  activity  per 
unit  volume  In  raising  the  density  beyond  about  0.7.  The  best  result  has  been 
obtained  with  catalyat  coating  formulation  IO280-98C  with  3$  Pt  loading 
(of  Table  34).  Impregnation  of  ooeting  materials  with  another  metal*  that  is 
almost  as  active  and  selective  as  platinum  at  high  MCH  conversion*  led  to 
similar  results  obtained  earlier  with  this  metal  on  conventional  supports 
which  were  aide  reactions  leading  to  benzene  and  cracked  products  (catalysts 
10200-1040  and  106D). 
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Further  experimentation  has  been  carried  out  with  the  adherent 
synthetic  fibrous-particulate  type  1  support  mixture  with  the  type  6  binder 
(formulation  I;  40:40:20).  Satisfactory  adhereuce  and  activity  (when 
platinum ized)  result  when  particulate  type  supports  ranging  from  7  to 
-278  w^/g  are  used;  the  latter  giving  an  overall  surface  area  of  -250  m^/g. 

The  use  of  a  highly  alkaline  type  17  binder  leads  to  pool*  metal  adherence  and 
poor  activity  on  platinization  (cf  ran  and  546  of  Table  67  0/  the 
Appendix).  Various  treatments  of  formulation  X  type  support,  or  catalysts 
dorived  therefrom,  have  somewhat  different  effects  than  the  correnpondiag 
treatments  on  conventional  supported  catalysts  where  these  treatments  resulted 
In  improved  activity.  Acid  neutralization  of  the  impregnate  decreases  the 
relative  dehydrogenation  rate  from  1.12  to  0.8l  (oatalysta  133A  vs  133B, 

Table  35? »  A  lower  relative  rate  (O.98  vs  1.12)  is  obtained  on  drying  the 
support  at  259®F  instead  of  muffling  at  1112*F,  before  metal  impregnation 
(cf  catalysts  133C  vs  153/,  Table  35) .  A  slightly  decreased  relative  rate 
(1.0b  vs  1.12)  results  frcm  muffling  the  finished  oatalyst  in  air  at  1112*? 

(of  catalysts  133D  va  133 A,  Table  35). 

Substitution  of  40*  of  type  2,  10,  or  19  supports  (formulations 
XIX,  XV,  or  V)  for  40*  particulate  support  1  (formula  X)  leads  to  satisfactory 
adhesion  to  stainless  steel  particularly  if  first  coated  with  binder  18,  as 
described  below.  Formulation  III  was  designed  to  raise  the  surface  area  of 
various  formulations  X  from  the  range  of  120-250  nP/ga  to  on  500  n^/gm  (cf 
granular  catalysts  117A  and  117B,  of  Appendix,  Table  6t).  Granular  supports 
of  these  types  give  catalysts  with  activity  equal  to  or  greater  than  the 
reference  catalyst. 

Addition  of  12*  of  an  ox  id  iz  able  particulate  metal  dust  (type  15) 
to  formulation  I  gives  some  improvement  in  adhesion  end  a  satisfactory 
granular  catalyst  support  (of  catalysts  13 1A  and  131B,  of  Appendix,  Teble  6T). 
This  metal  in  finely  divided  flak*  form  was  found  to  be  highly  reaoTfvo 
with  water  in  the  formulation,  with  resultant  frothing  and  heatlrg  up  to  form 
a  highly  porous  friable  support  which  was  not  usable. 

Substitution  of  a  fibrous  mineral  (type  16)  for  the  fibrous  synthetic 
type  1  support  in  formulation  I  has  been  studied.  The  former  is  roadily 
available  while  the  latter  is  no  longer  manufactured.  One  finely  ground  sample 
led  to  a  formulation  (4o*  type  1,  40*  type  16,  80*  type  6  binder!  that  when 
platinized  had  natisfactory  activity  (cf  catalyst  140A,  Table  35).  Thin 
formulation  (VI)  is  less  thixotropic  when  wet  and  gives  poorer  metal  adhesion 
after  muffling  than  formulation  I.  Two  other  samples  of  type  16  material  give 
formulations  which  crack  and  strip  fren  metal  even  on  air  drying.  Formula¬ 
tions  of  this  type  can  probably  be  improved  as  to  adhesion. 

There  are  various  problems  associated  with  banding  a  thin  catalytic 
coating  onto  metal  so  firmly  that  it  adheres  well  at  variable  elevated 
temperatures  and  survives  temperature  cycling.  First,  there  is  a  difference 
in  two  dimensional  thermal  expension  between  the  coating  (an  insulator) 
the  metal  which  on  heating  induces  mechanioal  strain  on  the  costing.  Second, 
a  tight  bond  is  necessary  between  the  c analytic  coating  and  the  tMtal  wall  so 
that  coating  should  have  scow  elasticity  to  prevent  "stripping"  and  thus  allow 
efficient  heat  exohange  between  the  metal  vail  and  the  reacting  fluid.  Third, 
the  coating  itself  must  have  good  mechanical  strength,  so  it  remains  in  situ 
far  s  long  period  of  time  in  use.  An  upper  limit  is  set  upon  the  strength  of 
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Table  35 *  RELATIVE  MCH  DEHOfDRQGEiUTIQN  RATSS  WITH 

"various  CAMDinm  caumic  coaiuigs  (granular/" 


Conditions:  LHSf  100,  10  ata  praaauri,  no  odd it  hydrogn,  0.9  al  10*20  nth 
catalysts  dilut'd  ilth  quartz  to  2.0  al  (eatalyita  praraducud 
•t  797*F)  (cf  tut  dati  Ttbli  67  of  tm  Appendix).  T  .  752*F. 


Support  Description 

Run  No. 

8ul!< 

Oanalty 

kc/ka*^ 

9674*139 

n 

UOP  R-8  typa  Al,0,  (raf) 

543,  S59 

0.47 

1.00 

I0283-I33A 

H 

40?  ty;»  1  support  (1)  -  407  typa  1  auprort  (2)  - 
20?  typa  5  blndarb) 

552 

0.53 

1.12 

*  -1338 

K 

40?  type  1  support  (1)  -40?  typa  1  aupport  (2)  - 
20?  typa  8  blnd.rb) 

563 

0.53 

0.81 

1  -I33C 

3 

♦0?  typa  1  aupport  (1)  *40 1  typa  1  aupport  (2)  - 
20 1  type  6  blndar6) 

564 

0.55 

0.38 

*  *1320 

3 

i0280*ID3C  auff lad  at  Ill2*7b) 

541 

0.52 

1.06 

4  -  m 

2 

40?  typa  1  support  (1)  •  407  typa  1  support  (2)*) 

-  20?  typa  6  blndar 

492 

0.S6 

1.24 

4  -I3IA 

3 

397  typa  1  aupport  ( 1 )  •  39,'  typa  1  aupport  ( 2) 

•  12  sxldlzabla  aatal  -  107  typa  1  blnctrei 

553 

0.5S 

1.10 

4  -1318 

3 

39?  typa  1  support  (I)  -393’  typa  1  support  (2) 

•  12  oaldliabls  aatal  •  10?  typa  1  blndar”) 

560 

0.62 

1.10 

*  -II7A 

2 

40?  typa  1  support  •  40?  typa  2  aupport  • 

20?  typo  6  blnoor 

487 

0.37 

1.19 

"  -1178 

4 

40 7  typo  1  aupport  -  40?  typo  2  support  * 

20?  typa  6  blndar 

488 

0.37 

1.12 

*  -KCA 

3 

40?  typa  1  aupport  -  40?  typa  16  aupport  • 

20?  typa  6  blndar 

556 

0*33 

1.33 

i)  kc  ■  flnt  orttor  nti  constant  of  siparlasntal  catalyst. 

■  k,  ■  flr.'t  ordor  rata  constant  of  roforanco  catalyat  9874*139. 

b)  1 1 1 2®F  «iff I  ad  support  uaad  for  lapragnatlon, 

c)  2S9*F  drlic  support  uaad  for  laorspnatlen, 

d)  Acid  nautra Iliad  lap’-agnita. 

a)  Olffaront  typa  than  uaad  for  catalyst  IC2W-I33  aarlaa. 


the  catalytic  a oetlng  since  It  Bust  have  t  substantia.1-  pare  volume  find  surface 
ere*  to  perform  proparly  and  therefore  cannot  be  u  hard  or  bonded  as  tightly 
as  *  sintered  ncnporouc  ceraaia  coating.  Same  of  these  problems  oan  be 
resolved  mechanically  but  certain  cf  them  are  inherent. 

The  above  described  tests  were  carried  out  with  sheared  1-  z  2- In. 
strips  of  stainless  steel  and  consequently  had  cambered  shapes.  This  causes 
unequal  stress  In  tbs  longitudal  direction  on  muffling  In  air  and  therefore  an 
uneven  strain  on  the  catalytio  coating.  Mild  steel  strips  have  been  obtained 
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for  coating  studies  which  have  been  band  sawed  to  shape  to  avoid  this  problem. 
This  metal  ozidia.es  more  readily  on  muffling  than  stainless  steel  but  this 
would  not  occur  in  a  reducing  atmosphere. 

An  improvement  has  been  made  in  binding  formulation  X  type  material 
to  steel  surfaces .  The  cleaned  surface  is  given  three  applications  of  5^ 
aqueous  type  l8  binder.  Each  coating  is  air  dried,  and  finally  the  triple 
coat  Is  air  dried  and  muffled  at  752  F  for  1  hour.  This  apparently  forme  a 
glass  like  surface  bond  to  the  metal  and  in  turn  forms  a  good  bond  to  the 
formulation.  Also  it  reduces  oxidation  on  muffling  in  air.  All  lAM 
QD  reactor  tubes  coated  with  catalyst  coatings  were  first  coated  with  type  18 
binder  (cf  next  section.  Table  36) .  Pt  coated  binder  is  iiu»otiv#  (of  run  59®# 
in  the  Appendix.  Table  67). 

Various  formulations  were  coated  onto  the  walls  of  l/4“  CO  tubing, 
the  tubing  wall  thickness  was  usually  0.028“.  A  fairly  well,  controlled  thick, 
ness  was  obtained  by  first  partly  filling  the  upper  end  of  a  tube  with  the 
thixotropic  formulation  and  then  drawing  a  Teflon  plunger  through  (both  ends 
tapered)  with  the  desired  diameter.  The  tubes  were  dried  at  126*C,  the 
excoes  coating  drilled  cut  with  a  No.  10  numbered  drill  to  the  desired 
coating  length,  and  then  muffled  at  732 'F.  This  was  follow od  by  filling  the 
tube  with  the  platinum  or  other  impregnating  solution,  followed  by  drying  and 
reduction  In  situ.  Thicknesses  were  varied  from  ca  4  to  13  mils,  and  were 
usually  around  7-1/2  to  8-1/2  mils.  An  effort  was  made  to  keep  the  platinum 
content  In  the  2-3 i  range.  This  could  be  determined  accurately  only  by 
drilling  out  a  catalyst  coating  and  having  the  platinum  content  analyzed.  The 
nat  s«ln  In  weight  on  platinizing  is  a  very  insensitive  measure  of  platinum 
content  because  of  the  considerable  tube  weight  (-38  fat)  as  compered  to 
catalyst  weight  (0. 1-1.0  gm)  of  which  the  Pt  content  is  only  2-3)1. 

Coating  Evaluation  With  MCH 

The  results  obtained  with  various  catalytic  ally  coated  l/4“  tubes 
on  HICTR  testing  with  MCH  are  sumarlzed  in  the  following  Table  36,  and  given 
In  more  detail  in  Table  68  of  the  Appendix. 

At  constant  pump  rate  (90  ml/hr),  corresponding  to  an  MCH  XJ£V  of 
100  with  conventional  granular  ^articles,  8"  coated  tubes  1  and  2  glvo  higher 
relative  rates  than  the  reference  catalyst,  particularly  on  tbs  soma  catalyst 
weight  bools  (cf  last  column  of  Table  36).  As  with  all  the  other  coated  tubes 
described  in  Table  36  higher  rates  are  obtained  if  quarts  packing  is  used  to 
create  turbulence.  An  unpacked  tube  has  an  estimated  Reynolds  number  of 
oa  350,  at  752*F  (i.e.,  lamellar  flow  range).  In  part,  higher  activity  results 
from  a  thin  longer  catalyst  zone  (8  vs  usual  4")  which  allows  better  beat 
exchange  so  the  catalyst  operates  oloser  to  the  block  temperatures  than  tfas 
shorter  bed  granular  catalysts.  Activity  increase  also  has  been  shown  with 
Identical  amounts  of  ref  catalyst  9674-24  by  doubling  the  diluted  bed  length 
from  4  to  8"  which  gave  an  apparent  rate  increase  of  46jt,  and  with  the  other 
ref  catalyst  (9874-139)  an  increase  of  29i>  (of  runs  333  vs  334  and  603  vs  6o4, 
Appendix  Tables  66  and  68).  Also,  finer  particle  size  (synonymous  with  a  thin 
layer)  was  shown  earlier  to  glva  an  increase  in  rate  (cf  Table  3 8). 

Three  tubes  (3,4,  and  3)  coated  with  different  weights  and  thicknesses 
of  platinized  formulation  1  gave  about  the  same  high  rates  without  quartz 
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packing  and  higher  and  equivalent  mtes  with  quarts  packing.  The  highest 
rate  of  this  eerie*  va  that  of  an  equivalent  weight  of  ref  catalyst  was 
with  the  tube  with  the  thinnest  coating  (tube  $,  q'lartz  filled,  run  6l0) . 

A  thin  coated  tube  (10)  with  4"  bed  length  gave  a  high  relative 
weight  rate  (702)  when  quarts  packed.  Annular  tubes  0.12$"  dia  or  0.177"  dia 
ware  centered  in  the  catalyst  tube  to  oreate  turbulence.  However,  the 
increase  In  turbulence  might  be  more  than  counterbalanced  by  the  decrease  in 
contact  time.  The  relative  rates  decreased,  and  a  recheos  of  the  quartz 
filled  coated  tube  showed  the  relative  activity  had  declined  during  thin 
aeries  of  teats,  probably  because  of  mechanical  Injury  and  loss  occurring 
while  asking  the  physical  arrangements •  The  experiment  will  be  repeated. 

The  highest  relative  weight  rata  was  obtained  with  a  quartz  flllod 
tube  (7)  coated  with  formulation  III  support  (of  run  600).  High  rates  were 
also  obtained  with  formulation  IV  coated  tubes,  and  repeat  runs  with  uni 
without  quartz  gave  about  the  same  results. 

Another  metal  (A)  performed  better,  relative  to  platinum,  on  a 
coated  tube  than  on  granular  support  at  high  aonvercion,  however,  none 
benzene  was  formed  In  addition  to  toluene.  Experience  with  the  bench. scale 
tests  indicates  a  gradual  loss  of  activity.  A  second  metal  (D)  performed 
fairly  well  but  was  not  a  serious  competitor  (run  617,  Appendix,  Table  68). 

Tloflo  overall  results  show  considerable  promise  for  the  use  of  this 
catalyst  ooatlng  for  the  proposed  endothermic  catalytic  heat  exchanger  and 
this  effort  will  be  a  ant  lined. 

A  few  experiments  were  carried  out  with  an  flo  mesh  Pt-Ir  (90:10) 
screen  which  weighed  0.8$  g».  This  was  loaded  into  a  1/4"  CD  reactor  tube 
and  HCH  parsed  thru  it  at  a  rate  of  A$  ml/ hr.  The  screen  was  inactive,  in 
this  fane  and  alec  when  coated  with  0.2?  gm  of  Pt  black  (of  runs  $27  and  $30, 
Table  66  of  the  Appendix). 
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Table  56.  EVALUATION  OF  MCH  DEHYDROGENATION  WITH  VARIOUS  CATALYTICAILY 
COATED  TUBES  WITH  DIFFERENT  PHYSICAL  ARRANGEMENTS 

Pt  Impregnated  unless  otherwise  noted 

Conditions:  same  as  for  Table  35.  constant  pump  rate  (90  cl/hr) 
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KonconTtniioral  Catalyst  Systems 

Horaogcncous  and  Dloperscd  Catalysla 

A a  diacucced  la  an  earlier  report19 )  a:  urea  of  catalyst  modifica¬ 
tions  which  rc'ild  I >1  extremely  useful  to  heat  sink  applications  involves 
\rijviuiiVi  a  catalyst  dispersed  in  either  a  discrete  cr  molecular  state,  which 
could  be  intrrv5ui.*:d  with  the  fuel  in  the  heat  exchange  zoae  of  an  engine,  orJ 
■.hen  proco*.*  to  ihc  otiAuaiion  chtajocr  thron/b  the  nozzle.  Hero  wp  are 
investigating',  in  a  preliminary  way,  possible  fta.1  ooluble  or  fual  dispersible 
catalytic  material*:,  and  testing  them  for  their  effect  on  the  MCH  dehydro¬ 
genation  reaction. 

Host  of  the  preliminary  work  to  date  baa  involved  the  simple  process 
of  adding  MCH  «uvi  tbe  catalyst  in  the  desired  amounts  to  a  stirred  autoclave 
end  then  observing  the  pressure  rise  during  the  vaporization  and  reaction. 
Analyses  were  by  GLC,  Several  materials  have  shown  catalytic  activity  at 
1  percent  metal  {basis  weight  of  MCH)  at  000-1000*.  Nearly  all  teats  have 
been  run  in  tbs  virtual  absence  of  ozygen. 

Results  from  the  avtoclava  teats  have  been  tabulated  In  Table  3T* 
Catalysts  used  have  come  from  both  commercial  sources  and  lab  preps.  Some 
encouraging  results  have  been  obtained  In  a  few  cases,  and  actually  rao't  of 
tbs  compounds  tested  have  produced  at  least  some  activity  compared  to  the 
neat  MCH  base  case. 

One  material  (duns  126-129#  153-155)  showed  remarkable  activity,  and 
In  Runs  126  and  127, with  good  specificity  to  toluene  and  benzene.  Ha  pressure 
developed  to  high  levels  for  these  runs  also.  Unfortunately,  the  activity  of 
this  catalyst  has  proven  to  bo  elusive  and  nonre produc ible .  The  other  runs 
shown  for  this  catalyst  represent  efforts  to  find  the  cause  for  t-hio  non- 
reproducibility,  by  varying  temperature  r  ed  oxygen  content  of  the  blanketing 
gas.  Run  130  combined  the  catalyst  of  Interest  with  the  catalyst  tested  in 
run  125  to  check  out  the  possibility  of  aynergim  by  contamination  with  the 
previous  catalyst.  The  activity  state  of  the  autoclave  surface  css  also  been 
considered  as  a  possible  factor  in  this  enigmatic  behavior,  but  has  not  been 
investigated.  So  far,  all  efforts  have  failed  to  reproduce  the  excellent 
results  of  Runs  126  and  127. 

Two  oott pounds  (Runs  12k  and  125)  gave  about  50  percent  total  non- 
voraionr,  but  these  appear  to  act  mainly  as  cracking  catalysts,  rince  most  of 
the  products  were  lower  molecular  wights  than  MCH.  Another  active  catalyst 
which  appears  to  fit  in  the  cracking  category  is  that  of  Runs  143,  146,  156, 
and  158. 

Runs  118  and  119  are  also  of  Interest  because  of  their  relatively 
high  total  conversions  to  dehydrogenation  products  (cm  25  percent  toluene, 
benzene,  and  methylcylohexeoes). 

The  degree  of  activity  displayed  by  these  compounds  is  encouraging, 
although  most  are  less  soluble  than  would  be  desired,  lbs  results  may,  in 
some  Instances,  point  tbe  way  to  modifications  in  the  organic  ligands  which 
will  Improve  this  and  other  properties.  Ve  have  also  been  doing  some  work  on 
the  concept  of  using  small  amounts  of  special  solvents  (solubilizing  agents) 
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to  Improve  the  solubility  of  organometallio  compounds.  Solvent  agents  which 
hare  bean  used  for  this  purpose  are  listed  in  Table  38.  A  cumber  of  new 
catalysts  have  been  prepared  or  purchased  and  are  now  available  for  testing. 

Table  38.  CANDIDATE  SOLUBILIZINC.  AGENTS  FOR  DISPERSED 
PHASE  CATALYSTS 

Acetone 

Dimethylformamide  (DMF) 
Dimethylsulfoxide  (DMS) 

Piper,  dine 
Butyric  Acid 
n-Heptane 

Hexamethylphosphoramide 


However,  we  have  been  involved  recently  in  a  reassessment  of  our 
experimental  approach.  The  type  of  test  described  above,  utilizing  the  350  ml 
stainless  steel  autoclave,  was  only  Intended  to  be  a  way  of  taking  a  first 
look  at  catalyst  activity.  The  present  method  suffers  from  the  very  slow 
heating  rate,  possibly  over  an  hour  being  required  to  reach  a  900 *F  steady- 
state  test  temperature.  This  is  undesirable  since  the  gradual  heating  regime 
of  these  teats  may  be  detrimental  to  the  reactivity  of  some  of  the  oatalysts, 
which  would  be  true,  for  example,  if  the  active  form  of  the  catalyst  were  in 
the  nomdeoemposed  state.  Ue  would  prefer  to  heat  the  autoclave  to  its  reac¬ 
tion  temperature,  and  then  add  the  reactant  and  catalyst. 

A  further  complication  with  the  original  bomb  test  involved  the 
accessibility  of  the  reactant  mixture  and  product  vapors  to  the  upper  recesses 
of  the  stirring  mechanism.  Since  the  Magne-Daah  required  water  cooling,  the 
result  has  been  a  comparatively  cold  zone  in  the  top  of  the  bomb  where  conden¬ 
sation  could  occur.  Deposits  formed  were  difficult  and  time  consuming  to 
remove.  Moreover,  back-contamination  from  this  source  could  have  been  the 
cause  of  some  anomalous  results  encountered  in  the  past.  In  order  to  improve 
thla  situation,  we  have  obtained  and  adapted  a  non-stlrred  autoclave.  It  is 
planned  to  use  a  magnetic  stirring  bar,  driven  from  the  base,  to  stir  this 
autoclave.  The  cover  la  equipped  with  lA-ineh  openings  through  which 
liquids  can  be  charged,  ao  that  materials  can  bo  ch&iged  after  the  bomb  is 
hot.  Also,  no  dead  space  exists  whore  contaminants  can  build  up.  Tha  new 
equipment  is  ready  to  bo  pressure  tested  under  temperature.  We  will  also 
examine  the  possibility  of  using  the  pulse  reaotor  ( of  p.  21)  for  testing 
similar  types  of  materials  as  catalysts  for  MuH  dehydrogenation. 


Isopropyl  Alcohol 

Methylene  Chloride 

Phorone 

Morpholine 

2-Nitropropane 

Toluene 

Ethyl  Acetate 

1/3  each:  DMF, 
Acetone,  n-Heptane 


I 
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Feasibility  Calculations  on  Diepersed  Phaoe  Catalysis 


Our  confidence  In  the  ultimate  success  of  the  dispersed  catalyst 
approach  has  been  reinforced  by  the  results  of  some  rather  simple  calcula¬ 
tions  of  the  reaction  possibilities  between  MCH  and  a  aolecularly  dispersed 
catalyst  in  a  flowing  system.  Conditions  chosen  were  those  of  interest  for  a 
regeneratively  cooled  system.  A  computer  program  for  a  plug  flow  tubular 
rcactc-  was  adapted  for  a  variable  molar  flow  and  used  to  calculate  MCH  con¬ 
version  and  temperature  as  a  function  of  reactor  length.®) 

For  a  plug  flow  tutelar  reactor  with  variable  molar  flow  the  reaction 
rate,  according  to  collision  theory,  is 

•&,npe  E/Rr  ~HSy'  2  Where  n  -  ^  JM.  M  fc,  (3) 


collisions /raolecule-oec ;  the  heating  rate  is 

«.!ixRrxlk  _  a&xtz/ZL  m 

dT  D x  F  *  Cp  Cp  *1  +  3.y 

where  heat  la  transferred  through  the  tuoe  wall  at  a  constant  heat  flux,  fy, 
awl  the  velocity  is 

dL  i*  RT  ,,  „  s  .  . 

at "  +  3y)  ^5) 

.'’he  variable-  used  in  the  calculations  were  taken  from  previous  work 
end  are  consistent  with  those  used  in  the  packed  bed  reactor  calculations: 


1)  Heat  capacity, 

for  MCH  cp  -  79.1  +  0.0363(T  -  1460*R),  Btu/mole-*R 

for  Ha  cp  -  7.099  +  0.00272(T  -  ll*60lt) 

for  toluene  cp  ■  55.9  ♦  0,0236(T  -  146o*R) 

total  stream 

2)  Heet  of  dehydrogenation, 

-  92,500  Btu/roole  at  l460*R 

-  92,500  +  1.90 (T  -  1U60*R)  +  0.0022(7  -  lh60*R)2 

3)  Tube  diameter, 

D  -  3/8  in.  (cross-Eiection  area  -  0,00110  fta) 


a)  The  program  was  developed  mri  the  calculation  made  by  Dr.  Roger  Hite. 
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1*)  Initial  flow  rate, 

nt0  *  928  moles /hr- fta 

»  1.08  x  10“4  molea/sco  (UlSV  •  10j) 

5)  Heat  flux, 

Fk  -  5  x  104  Dtu/hr-ft2 

6)  Initial  temperature, 

T  «  JOOO’F 

7)  Tube  length, 

L  -  10  ft 

8)  Activation  energy, 

S  “  12.0  kcal/g-mole 

9)  Initial  pressure, 

P  •  1000  psia  (assumed  constant) 

10)  Collision  frequency,  0 

Assuming  molecular  diameters  (cr)  of  6.1  A  for  MCH  and  J.8  A  for  the  catalyst, 
the  collision  frequency  is 

0  -  11.26  x  10®  ,  collia ions/ molecule-sec 

T 

11)  Collision  efficiency,  p. 

12)  Concentration  of  catalyst,  f q,  mole  percent 

The  results  of  several  calculations  are  shown  in  Table  39  below. 
Since  the  reaction  rate  is  proportional  to  the  two  unknown  parameters  p  and 
fc, these  have  been  lumped  together  in  the  table  so  that  the  yiold,  temperature, 
am  space  velocity  ere  presented  as  a  function  of  the  combined  parameter  pfg. 

In  Figure  2o  the  results  have  baen  plotted  assuming  a  catalyst  concentration  of 
1$W,  which  is  a  feasible  concentration  for  a  cheap  catalyst  (such  as  CuO). 

This  shows  that  even  at  very  modest  collision  efficiencies  high  reactivities 
are  indicated  in  the  temperature  region  of  most  interest  to  us  ( 500-1200* F) . 

Additional  mathematical  exploration  of  this  system  will  be  done  in 
a  future  period. 
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Table  qq.  hCH  DERYDROOENATIOM ;  VAPOR  PHASE  CATALYSIS 


Distance,  ft 

2.5 

5.0 

7.5 

10.0 

Results  for  pfc  -  10"® 
Temp,  *F 

1*91.0 

635.5 

946.7 

1330.0 

Conversion,  £ 

67.4 

09.9 

99.9 

100.0 

Time,  sec 

0.70 

1.19 

1.54 

1.79 

Results  for  pfg  -  10“® 
Tenp,  *F 

947.9 

1125.2 

1330.9 

1565.6 

Conversion,  i> 

>8.0 

57.5 

73.7 

86.2 

Time,  sec 

0.72 

1.18 

1.52 

1.77 

Results  for  pfc  -  10" i0 
Temp,  *F 

1340.3 

1625.2 

1882.8 

2125.3 

Conversion,  £ 

3.3 

8.8 

15.1 

21.4 

Tima,  sec 

0.98 

1.71 

2.27 

2.71 

Results  for  rfg  -0.0 
(no  catalyst) 

Teop,  *F 

1371.8 

1695.7 

1986.5 

2252.7 

Time,  sea 

1.01 

1.85 

2.57 

3.21 

Theimal  Stability 

Tuba  Dcposl*  Rating  Methods 

With  the  objective  of  providing  •  piece  of  equipment  which  would 
oooMtm  a  standardized  test  of  fuel  thermal  stability  and  also  of  catalyst 
activity,  the  Catalyst  and  Fuel  Stability  Test  Rig  (CAFSTR)  was  designed  and 
built  last  year.  However,  the  CAFSTR  heat  exchangers  were  of  similar  con¬ 
struction  to  the  standard  ASTM-CRC  cokwr  preheater,  and  the  assessment  of  fuel 
stability  depended  upon  visual  deposit  evaluations.  In  conventional  coker 
testa,  these  ratings  are  made  under  standard  lighting  conditions,  by  compari¬ 
son  with  standard  color  code  penela.  While  this  system  has  served  acceptably 
for  the  go,  no-go  type  quality  specifications  of  commercial  and  military  Jet 
fuels.  It  la  basically  unsatisfactory  for  research  and  development  purposes 
because  of  the  subjective  nature  of  the  judgment  which  oust  be  rendered  and 
the  different  shades  of  color  that  can  be  assumed  by  similar  amounts  of 
deposits.  Moreover,  in  non-coker  tube  type  heat  transfer  studies,  Burggraf 
and  Shsyeson4  '  observed  that  the  surface  color  bore  no  relation  to  loss  in 
heat  transfer  coefficient. 

Even  viiihin  Its  intended  accpe  of  application,  the  coker's  poor 
teat  repeatability  has  required  refineries  to  produce  fuels  substantially 
more  stable  than  the  minimum  required  by  the  specifications;  and  burgeoning 
Jet  fuel  demands  have  recently  brought  the  need  for  a  more  quantitative  fuel 
stability  teat  into  sharp  focus. 

Our  own  studies  in  the  CAFSTR,  where  high  temperatures  ruled  out 
the  use  of  aluminum  tubes,  have  been  hampered  by  the  developnent  of  colors  of 
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the  tube  metals  themselves.  Inconel  600,  the  alloy  chosen  for  the  construc¬ 
tion  of  the  CAFSTP.  heat  exchanger  tubes,  changed  color  when  heated,  even  In 
the  presence  of  helium.  Similar  experience  has  been  encountered  with  stain¬ 
less  steel.  These  colors  are  presumed  due  to  surface  oxidation  of  the  astal 
at  high  temperatures,  even  when  only  trace  amounts  of  oxygen  arts  present. 

In  recognition  of  these  critical  tube  deposit  rating  problems,  we 
have  been  exploring  several  different  methods  of  quantitative  measurement, 
which  Include  the  following:  1}  direct  heat  transfer  coefficient;  2)  combus¬ 
tion  and  absorption;  3)  radiative;  4)  infrared;  5)  solvent  dlacolution- 
gmviaetric;  6}  electron  micrography.  Tnls  will  be  discussed  separately. 

Direct  Heat  Transfer  Coefficient  Measurements 


The  idea  of  using  this  as  a  quantitative  method  of  deposit  evalua¬ 
tion  arose  from  the  fact  that  fuel  deposits  can  reduce  overall  heat  transfer 
coefficients. 

Calculations  based  on  Zengel's42)  published  experimental  results  on 
the  effect  of  deposits  on  heat  transfer,  and  also  on  the  estimated  precision 
with  which  the  limiting  variables  could  be  either  controlled  or  measured,  led 
to  the  conclusion  that  deposlsts  as  thin  as  0.0001  inches  (0.1  mil)  should  be 
detectable.  Tnls  deposit  level  corresponds  to  a  coker  code  rating  of  about 
2,  assuming  considerable  coverage  of  the  surface. 

Initially,  a  low  temperature  heat  exchanger  method,  involving  a 
stirred  oalorlmoter,  was  developed.  The  test  utilised  an  actual  CAF5TR  heat 
exchanger  tube  and  heating  element,  which  together  with  a  cooling  coil  was 
immersed  in  the  calorimeter.  Heat  transfer  measurements  were  made  when  the 
calorimeter  liquid  temperature  had  reached  a  steady  state.  Actually,  the  vail 
to  liquid  temperature  differential  was  monitored,  using  a  Leeds /Northrup 
potentiometer,  capable  of  reading  to  1  x  10"4  mv  (oa  0.004  *F). 

Control  of  the  voltage,  cocling  water,  and  temperature  variables 
was  recognized  as  of  utmost  importance.  Voltage  control  to  within  +1/20  volt 
at  110-120  volts  was  achieved  by  the  use  of  a  Superior  Electric  Company  model 
IES9101  Stabilise  Voltage  Regulator.  This  instrument  was  used  both  to  supply 
power  to  the  CAFOTl  tube  and  to  the  cooling  water  pump.  Cooling  water  was 
supplied  from  a  aodif'ed  Colors  Ultra-Thermostat  constant  temperature  bath, 
ana  the  bulk  temperature  was  controllable  to  +0.08*F  at  90-95*F.  The  water 
pumping  rate  was  about  2200  ml /min. 

Although  the  bulk  liquid  temperatures  could  be  held  acceptably 
constant,  difficulty  waa  experienced  with  transient  local  temperatures  in  the 
stirred  calorimeter,  which  eventually  led  to  the  abandonment  of  the  calori¬ 
meter  in  favor  of  an  annular  heat  exchanger  arrangement. 

In  all  experimental  set-ups,  comparisons  were  made  of  the  AT  (wall 
to  liquid)  for  the  initially  clean  tube  and  for  the  same  tube  after  spray 
coating  with  (usually)  0.1  to  0.2  mil  of  acrylic  lacquer.  Our  experience  has 
been  that  this  method,  beoause  of  experimental  error  limits,  la  not  suffi¬ 
ciently  sensitive  for  the  rating  of  deposits  up  to  about  the  ASTM  Code  4 
level,  but  might  be  used  for  heavy  deposits. 
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However,  it  is  not  at  all  certain  that  failu—  ’  ■‘■•set  the  light 
deposits  is  entirely  due  to  difficulty  in  maintaining  adequately  constant 
heat  flows.  There  exist  uncertainties  as  to  the  theoretical  effects  of  low 
level  deposits  on  the  actual  heat  transfer  phenomena,  and  these  effects  are 
dependent  upon  the  actual  mechanism  of  deposit  buildup.  For  example,  if  the 
deposit  is  not  laid  down  as  a  adherent  film,  but  as  scattered  particles,  the 
increased  surface  roughness  could  cause  greater  turbulence  near  the  surface. 
Thus,  Sherriff10)  has  shown  that  as  surface  roughness  increases,  the  heat 
transfer  coefficient  also  increases  until  ths  heights  of  the  roughnesses 
reach  the  thickness  of  the  laminar  sublayer.  The  opposing  effects  of  low 
deposit  thermal  conductivity  and  increased  surface  turbulence  can  have  a  vide 
range  of  net  results  in  the  overall  heat  transfer  coefficient,  thus  destroy¬ 
ing  the  usefulness  of  direct  heat  transfer  scaaurements  as  a  light-deposit 
rating  technique.  However,  thick  doposits,  which  fora  coherent  layers,  would 
reduce  the  heat  transfer  coefficient,  and  hence  this  technique  would  find 
application  under  such  conditions ;  or,  if  test  periods  were  protracted,  heat 
transfer  oould  be  used  as  the  basis  for  thermal  stability  rating.  The  signi¬ 
ficant  philosophical  question  as  to  whether  light  or  heavy  deposits  would 
better  reflect  the  true  performance  of  a  fuel  in  a  Jet  engine  could  be 
answered  only  via  correlation  studies  which  are  beyond  the  scope  of  the 
present  consideration. 

Complete  Combustion  of  Tube  Deposits 

A  method  involving  complete  combustion  of  the  deposits  to  C02  and 
HsO  has  bean  devised  and  tested ,4  On  paper,  combustion  offers  one  of  the  best 
means  of  rating  tube  deposits,  having  the  advantage  of  being  nearly  100  times 
as  asnaltiva  os  the  direct  heat  transfer  coefficient  method.  Hy  this  method 
it  la  possible  to  detect  depoelte  on  a  lj-inoh,  5/8"  diameter  tube  as  thin  as 
0.001  mil  uniform  thickness.  Since  a  tube  coda  rating  of  0.5  is  estimated  to 
correspond  to  a  deposit  thickness  of  0.025  mil,  any  visible  deposit  should  be 
ratable  by  this  technique. 

A  schematic  diagram  for  the  combustion  tube  rater  is  shown  in 
Figure  21.  Oxygen  (or  air),  predried  and  purified  of  any  Indigenous  C02,  is 
passed  through  the  annular  combustor  with  the  CAFSTR  preheater  tube  compris¬ 
ing  the  heating  element.  Products  of  the  deposit  combustion  are  trapped  in 
suitable  weighing  bottles,  as  shown,  the  CO  having  been  converted  to  C02  by 
passage  over  hot  cupric  oxide.  C02  and  H^O  are  determined  gravimetrically 
and  back  calculated  to  determine  the  total  deposit  weight  and  the  coefficients 
in  the  deposit  formula,  CxHy.  Sulfur,  If  present  is  picked  up  in  the  CuO 
furnace  as  CuS04,  while  nitrogen  is  trapped  in  the  Ascarite  weighing  tube  as 
KNOa.  However,  the  pire  hydrocarbons  which  ve  are  testing  are  probably  too 
low  in  sulfur  or  nitrogen  to  cause  serious  error  from  this  source.  In  cases 
of  high  S  content  fuels,  the  S  content  of  the  deposit  could  be  determined  by 
passing  H2  through  the  CuO  tube  at  high  temperature  and  converting  the  CuSCU 
to  H2S  which  could  be  trapped  in  caustic  and  titrated  or  otherwise  determined. 

On  initial  startup,  the  "clean"  apparatus  required  several  days 
operation  at  1000  *K  with  gas  flowing  to  reach  a  steady  "zero"  base  line,  i.e., 
a  condition  where  no  C0a  or  water  were  being  absorbed  in  the  weighing  tubes 
vhe.i  deposits  were  known  to  be  absent.  This  was  undoubtedly  due  to  oil 
adsorbed  on  the  surface  of  the  apparatus  uad  to  surface  carbon.  Cylinders  of 
water  pimped  02  end  f}2  are  used  instead  of  house  service  ges  supplies  to 
avoid  introducing  C02,  CO,  oil  fog  or  other  contaminants. 
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Following  the  break-in  period,  several  runs  were  nade  on  artificial 
deposits  comprising  weighed  samples  of  polystyrene.  Details  of  these  tests 
are  tabulated  in  Table  to.  Also  tabulated  are  the  average  deposit  thidmeeoes 
of  these  "deposits'1,  calculated  as  if  they  were  uniformly  spread  over  the 
surface  of  a  13-in.  is.igth,  5/8-in.  OD  tubs.  Of  course,  in  actual  CAFSTft  and 
coker  tests,  the  deposits  are  far  from  uniform,  and  the  maximum  local  deposit 
thicknesses  may  be  2  or  3  times  the  average  thicknesses.  Tbs  coda  ratings 
listed  in  the  table  were  estimated  based  on  comparative  data  from  color  and 
Miner  Heat  Exchanger  tests  by  Zengel.4*)  While  the  assumed  correspondence 
between  these  two  tests  may  be  poor,  the  heat  exchanger  deposit*  do  offer  an 
approaoh  to  estimation  of  deposit  thickness  at  various  code  ratings.  Assuming 
a  linear  correlation,  the  average  deposit  level  for  a  1.0  cede  rating  would  bs 
about  0.05  mil. 

Certain  drawbacks  exist  for  the  combustion  method,  however.  First, 
as  noted,  a  temperature  of  1000 *F  or  more  Is  required  to  burn  off  the  deposits. 
Aluminum  and  most  of  its  alloyu  are  immediately  eliminated,  therefore.  Inconel 
Alloy  6oo,  ( oa  J2 $  Hi)  of  whiah  the  beat  exchanger  tubes  for  the  CAFSTR  are 
constructed,  is  somewhat  oxidized  at  1000*F;  strongly  at  1100*F.  Stainless 
steal  also  oxidises  at  these  temperatures.  While  these  metals  can  be  cleaned 
and  polished,  or  perhaps  even  reused  without  polishing,  the  possible  effect  of 
surface  metallurgical  changes  on  test  repeatability  would  have  to  be  explored. 
After  several  hours  at  high  temperature,  particularly  at  1100 *F,  the  Inoonel 
tubes  develop  a  pronounced  cellular  grain  structure  visible  to  the  naked  eye. 
Thin  cellular  appearance  disappears  when  the  tube  it  polished,  however. 


Table  40.  COMBUSTOR  TUBE  RATER  RESULTS  ON  POEXSTTRENI  "DEPOSITS" 


Tube 

Wall 

Temp, 

*F 

Deposit 

L. 

38rtioatedb) 
Max  Coker 
Code  Rating 

Velght  of 
Depooit 
Recovered,  J 

£  or  Qrig. 

now, 

ml/min 

Composition, 

Qz 

vt,  s 

1000 

350 

77 

0.0343 

.083 

1.0 

104 

1000 

250 

28 

0.0144 

.034 

0.5 

96 

IOOO 

250 

28 

0.0043 

.010 

0 

107 

1000 

250 

46 

0.0105 

.025 

0.5 

104 

1100 

250 

46 

0.0142 

.034 

0.5 

100 

1000 

200 

48 

... 

0.0365 

.087 

1*5 

69 

. 

T)  Calculated  from  CO2  +  H^C  recovered, 
b)  Estimated  from  data  of  Zengel.*) 
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A  further  difficulty  wag  encounter od  when  stainless  steel  preheater 
tubes  of  an  integral  heater/rating-tube  construction  from  the  Erdco  Colter  were 
used.  The  heater  rapidly  ehortod-out  internally  causing  the  circuit  fuse  to 
blow,  A  second  attempt  with  a  new  tube  resulted  in  a  similar  experience. 
Apparently,  thtse  tubes  were  not  designed  to  withstand  the  1000-1100'F  tempera¬ 
ture  level  to  which  they  were  exposed.  In  our  use  of  them  in  the  Erdco  they 
had  probably  never  exceeded  800*F  metal  temperature. 

Numerous  runs  have  been  made  to  establish  optimum  test  conditions, 
the  trade-off  factors  being  time,  temperature,  oxygen  concentration  and  total 
gas  flow,  A  maximum  rating  time  of  2  hours  eetmed  to  be  a  reasonable  com¬ 
promise.  This  allows  about  l/2  hour  boating-up  time  and  1-5 A  hours  at 
oxidation  temperature.  Experimentation  with  temperature  has  ehovn  100Q*F  to 
be  the  practical  minimum  to  obtain  deposit  burning.  Then ,  forlOOO'F  and  1*3 A 
hours,  about TiU  Os  at  350  ol/tain  total  flow  in  required  to  get  complete 
combustion.  Extremely'  heavy  deposits  would  require  fttill  higher  Os  concentra¬ 
tions.  At  v&s  Oz  and  200  ml/ndn  total  flow,  for  example,  only  recovery 
vas  obtained  (see  Table  UP),  although  this  amount  of  oxygen  is  satisfactory 
for  lower  deposit  Tevelc, 

A  further  operational  problem  involves  removal  of  all  tracee  of 
liquid  teat  fluid  from  the  preheater  tube  prior  to  rating.  Vu  had  pre¬ 
viously  done  this  by  rinsing  with  n-lieptene  and  drying  with  nitrogen. 

However,  the  combustion  tube  rater  reveals  the  presence  of  residual  hydrocarbon 
when  a  cleen  tube  has  been  rinsed  and  dried  in  this  Conner.  Teats  have  shown 
tint  at  low  deposit  levels  these  hydrocarbon  residues  can  introduce  a  signifi¬ 
cant  error.  Present  evolved  practice  is  to  rinse  the  tube  three  times  with 
methylene  chloride  dry  thoroughly  with  nitrogen,  install  the  tube  in  the 
combustor  and  vara  it  to  lCXTF  under  20  in,  Hg  vacuum  for  an  hour,  then  start 
the  gas  flow  and  begin  the  combustion  procedure. 

A  nev  variant  on  the  bunting  method  is  now  being  investigated,  In 
which  the  heat  la  supplied  by  an  external  furnace  rather  than  using  the  in¬ 
ternal  heating  element  of  the  CAFSTR  tube.  It  is  hoped  In  this  way  to  avoid 
overheating  of  the  heciing  element,  aul  possibly  reduce  oxidative  attack  of 
the  surface  metal.  To  this  time,  however,  the  background  level  of  carbon, 
apparently  arising  from  the  furnace  itself,  has  ret  been  reduced  to  a  satis¬ 
factory  level. 

The  possibility  of  substituting  GLC  for  the  gravimetric  procedure 
and  using  a  laser  as  a  beat  source  ia  also  being  oonaidored. 

Radiative  Methods 


Two  methods  of  radiative  deposit  rating  have  been  considered. 

Flrat  la  that  of  dlreot  beta  radiation  absorption  by  the  deposit  layer.  This 
cculd  be  accomplished  by  Impregnating  the  tube  surface  with  a  radioactive 
isotope  such  as  Hi83,  but  because  of  the  possibility  of  catalytic  effects  on 
fuel  deposition  tendency,  it  would  be  preferable  not  to  treat  the  tube  surface 
itself.  However,  the  direct  radiation  absorption  technique  does  offer  advan¬ 
tages  in  simplicity  of  application  and  should  be  explored, 

A  second  approach  to  the  radiative  technique  is  that  of  &~rertiatW 
back  scattering,  using  an  external  source.  This  method  has  the  advantage  of 
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noncontaniaation  of  the  tube  surface,  but  toe  disadvantage  of  greater  compli¬ 
cations  In  iEpleaantation.  Either  Niaj  or  S3s  would  seem  to  be  good  £-ray 
sources  for  this  purpoae. 

Radiation  scanning  has  toe  general  advantage  of  being  nondestructive 
to  the  Jepooit.  Thus  it  would  be'  possible  to  obtain  comparable  color  code, 
combustion  weight,  and  radiation  counter  ratings  on  the  .suae  tube.  The 
radiation  method  also  offers  toe  advantage  of  being  harmless  to  the  tube  metal 
and  hence  would  not  Influence  the  life  of  the  tube.  It  is  believed  that  either 
method  would  be  capable  of  detecting  a  0.001  mil  average  film  thickness,  which 
is  below  the  visible  detection  level  but  less  sensitive  than  the  combustion 
method.  It  is  planned  to  scan  toe  entire  tube  surface  and  to  obtain  an 
integrated  radiation  count  reflecting  the  total  deposits. 

Infrared 

Some  thought  has  also  been  given  to  the  development  of  an  infrared 
method  of  tube  rating,  on  the  assumption  that  it  would  register  the  effects  of 
deposits  present  without  reflecting  influences  of  surface  film  structure.  The 
first  attempts  at  utilising  this  idea  have  been  discouraging,  however.  Using 
the  tube  itself  as  the  source  of  infrared,  photographs  were  taker  of  the  tube 
in  a  totally  darkened  room.  Although  a  fast  infrared  type  4lJ  Polaroid  film 
was  used,  minimum  conditions  far  the  detection  of  even  a  trace  of  radiation 
were  5  minutes  exposure  at  6 00*?  tube  surface  temperature.  This  was  for  a 
stationary  tube.  Tf  the  tube  were  rotatod,  as  planned,  to  photograph  the  entire 
tube  surface,  a  much  longer  total,  exposure  time  or  higher  temperature  would  be 
required. 

Sven  500*f  may  be  too  high  a  temperature  to  avoid  detrimental  deposit 
changes.  Other  problems  are  numerous.  The  temperature  la  far  from  uniform 
because  of  end  effects.  Optical  density  of  the  photographic  Image  can  be 
affected  by  the  eccentrlolty  of  the  tube  axis  as  it  Is  rotated  in  the  chuck,, 
and  the  chuck  drive  mechanism  itself  oust  he  ultra  smooth  since  the  camera 
shutter  is  open  constantly  during  the  rotation.  The  power  cord  and  thermo¬ 
couple  wires  mist  not  interfere  with  toe  free  rotation  of  the  tube,  and  the 
power  input  must  be  precleely  repeatable  for  both  the  clean  tube  and  deposit 
ooated  tube  testa.  Exposure  times,  film  properties,  film  developing  procedures, 
solution  strengths,  and  camera  setups  must  be  duplicated  accurately. 

Having  once  achieved  adequate  control  of  the  variables,  the  precision 
of  optical  density  measurements  must  be  achieved,  which  of  course,  we  have  not 
yet  been  In  a  position  to  do.  Some  means  are  available  for  improving  the 
photographic  sensitivity  of  the  method,  such  as  special  film  processing,  use  of 
higher  speed  film,  longer  exposure  times  or  wider  slit  opening  reduction  of 
the  image  sice  by  changing  the  food  distance,  and  use  of  0  faster  lense;  but 
whether  these  changes  will  acoooolieh  the  desired  sensitivity  is  not  knovn. 

The  method  is  obviously  rtill  very  much  in  a  rudimentary  stage. 

Solvent  Deposit  Rnwval 

Coker  tube  deposits  cannot  bj  recovered  mechanically  without  the 
occurrence  of  tube  damage  and  metal  removal.  It  would  therefore  be  desirable 
if  this  could  be  done  by  solvent  washing.  The  deposits  could  then  be  recovered 
from  the  solvent  and  determined  gravimetrically  or  by  other  means.  Previously 
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vs  had  tried  deposit  removal  using  readily  available  laboratory  eel vent a. 

This  vas  done  simply  by  wiping  with  a  cloth  dampened  with  the  solvent  at  room 

•  temperature,  but  all  such  attempts  were  totally  unsuccessful. 

Since  our  own  and  the  reported  experience  of  others  Indicated  that 

•  coker  deposits  of  the  hard,  tenacious  type  would  not  be  easily  removed  with 
solvents,  we  decided  the  solvent  would  have  to  be  hot  If  It  were  to  work  at 
all.  The  deposits  could  then  be  determined  by  steam  Jet  or  mlcrogus  tech¬ 
niques. 

Our  experimental  apparatus  consists  of  a  coker-type  annular  heat 
exohanger  In  which  the  inner  coker  tube  is  the  heat  source.  Approximately 
50  ml  of  test  solvent  Is  required  to  fill  tbs  annular  space,  and  after  filling 

•  the  device  is  sealed,  with  as  little  air  aa  possible  occluded.  A  stainleos 
steel  typo  pressure  gage  is  attached,  and  pressure  readings  are  taken  through¬ 
out  the  period  of  the  test.  Arbitrarily,  a  temperature  of  100*C  was  usually 
oho  sen  as  the  maximum  temperature  and  500  psi  as  tbs  maximum  allowable  pressure 
for  the  first  series  of  runs. 

Deposits  were  formed  from  either  Decal in  or  Jet  fuel  in  an  Erdoo 
Coker  and  were  of  a  hard,  nonwipeable  type,  usually  obtained  at  temperatures 
above  the  break  point. 

The  experimental  approach  has  been  to  select  a  synthetic  resin 
structure  resembling  the  presumed  deposit  structure  (as  deduced  from  the 
literature)45)40)  as  closely  as  possible,  ttien,  from  published  solubility 
parameter  data  on  resins  and  solvents, 4T) 48) 48 ) 50 )  we  have  selected  candidate 
solvents. 

*  Results  to  date  are  tabulated  In  Table  hi.  Although  the  objective 
has  not  been  accomplished,  eons  Interesting  results  were  observed. 

•  Host  pronounced  in  its  action  was  dimetfaylfcrmamide.  However, 
dissolution  was  not  complete  end  in  most  cases  there  was  still  e  small  amount 
of  deposit  left;  deposits  removed  were  not  entirely  dissolved  but  some  were 
merely  loosened.  Ve  did  find,  however,  that  a  second  solvent  treatment  on 
the  same  tube  would  complete  the  deposit  removal.  A  few  more  severe  ( 192 *C ) 
and  lengthy  (2  hr)  treatments  removed  more  of  the  deposits  but  still  left  a 
few  dark  epots. 

Under  the  conditions  selected,  none  of  the  other  solvents  tested 
were  effective  in  deposit  removal  to  the  extent  that  a  recogniaalbe  improve¬ 
ment  In  deposit  color  code  rating  could  be  observed .  However,  several  of  tba 
solvents  became  darkened  in  color,  suggesting  that  some  deposits  might  have 
been  removed.  Where  this  discoloration  was  observed,  the  temperatures  were 
generally  not  high  enough  to  have  caused  solvent  decomposition  or  oxidation, 
unless  strong  catalytic  effects  existed. 

Although  H.  V.  Shayeson51)  of  General  Electric  Company  has  reported 
that  morpholine  has  been  found  to  be  effective  in  deposit  removal  under  some 

*  conditions,  we  did  not  find  It  so  under  the  conditions  of  our  tests. 

Moreover,  morphollxw,  In  cur  tests,  appeared  to  have  the  effect  of 
e  "developer"  on  the  deposit  appearance,  i.e.,  to  cause  them  to  look  darker, 
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Table  M.  SOI.VKW  DEPOSIT  REJOVAI  TESTS 

50- 51*  ffll  aolvoat  eurrouaJlng  a  coker  tub® 


Ta*Pi 

fleas.. 

Tima, 

1  Tuba  Jtatlnr 

Solvent 

Consbenta 

<C 

!P»ic 

hr 

Before 

After 

Dimethyl  sulfoxide 

ICO 

10 

i 

3.8 

3.8 

No  effect 

fn  or  one 

100 

16 

i 

3.8 

3.8 

No  effect 

Horphol ! ne 

100 

21 

i 

4+ 

7.8 

Darker 

flperldlne 

100 

61 

i 

3.8 

3.8 

No  effect 

2-Nltropropane 

80 

200*  > 

i 

3.8 

4.6 

Darker 

Dlecetone  alcohol 

100 

22 

i 

3.8 

3.5 

J.o  effect 

A*yl  acetate 

100 

2S 

i 

J 

■wi 

Mo  effect 

Propyl  alcohol 

100 

102 

i 

Ho  effect 

seo-Mutyl  alcohol 

100 

200 

i 

ip|i 

No  effect 

Methylene  chloride 

80 

188 

i 

3.8 

No  effect 

Acetone 

100 

160 

i 

3.3 

Mo  effect 

Methyl  ethyl  ketone 

eo 

200 

i 

3.6 

IpS 

No  effect 

Toluene 

100 

180 

i 

3.8 

BJJl 

No  effect 

freon-11 

00 

200 

i 

3.6 

3.8 

Mo  effeot 

Mesityl  oxide 

100 

3 

1-3/4 

3.6 

3.8 

Mo  errect 

Tetrahydrofuran  (TUP) 

100 

110 

1 

3.6 

3.6+ 

Slightly  darker 

Hexylene  glycol  dlacetate 

60 

180 

1 

3.6 

4.6 

Darker 

N.M-Dlmethyl  forms aide 

100 

32 

3/4 

3.6 

3.6 

Tatchee  remained; 

(DM?) 

most  areas  removed 

DMf 

100 

28 

1 

3.6 

0 

Second  consecutive 
treatment 

DMT 

100 

28 

1 

4.0 

1 

Mostly  removed 

DMf 

100 

28 

2 

0 

Second  consecutive 

uor 

142 

160 

2 

4.0 

1111W 

treatment 

Much  cleaner  overall 

1/3  DMf  •*  2/3  Titf 

00 

180 

1 

3.8 

No  affect 

1/2  DM?  l/2  morpholine 

100 

90 

1 

4.0 

iisisM 

Much  darker 

Shell  aolutlser^) 

100 

2ti 

1 

2 

3.6 

Darker 

Sulfolane 

100 

6 

1 

2.6 

2 

Possible  slight 
Improvement 

a)  Treasure  Increased  during  run  suggesting  occurrence  of  daa^posltton. 
t»)  6  A  KOU.  3.1  H  K1B. 
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without  (we  think)  actually  being  of  greater  maas.  The  morpholine  Itself  also 
turned  dark.  Ve  have  not  tried  this  experiment  without  the  deposit  or  metal 
environment  to  see  if  siniler  darkening  of  the  solvent  occurs.  A  mixture  of 
half  EMF  and  half  morpholine  appeared  to  have  the  same  effect  as  morpholine 
itself. 


Other  solvents,  such  as  2-nltropropane,  hexyleneglyeol  diacetate, 
tetrahydrofuran,  and  Shell  K-2  Solutizer  Solution  (6.0  N  KOH,  J.l  N  X  ioo- 
butyrato),  also  had  this  same  apparent  developing  effect  upon  tube  deposit 
color.  The  veiy  fact  that  the  deposits  can  thus  be  made  to  appear  darker 
is  further  evidence  of  the  inadequacy  of  the  color  code  rating  technique  alnce 
different  fuels  might  also  vary  in  this  propel1  ty. 

A  further  interest  in  solvent  deposit  removal  is  in  the  possible 
disclosure  of  chemical  structural  information  about  a  deposit  from  solvent 
selectivity.  Consequently,  solv«nto  selected  for  testing  have  covered  a  wide 
range  of  solubility  parameters. 47}*a)4B)3°) 

This  effort  is  still  being  continued  with  respeot  to  solvent 
•election,  and  will  also  be  partially  repeated  with  respect  to  higher  test 
temperatures  and  longer  exposure  times  for  promising  solvents. 

El»-  <n  Micrography 

The  possible  use  of  electron  microscopy  for  tube  deposit  rating  la 
being  considered,  though  the  current  intent  la  to  merely  "take  a  look"  to  see 
what  the  observations  stay  suggejt.  We  are  thinking  here  in  terms  of  deposit 
structure,  and  perhaps  there  ia  a  chance  for  quantitative  measurements  as 
well. 


We  haven't  yet  looked  at  tube  deposits,  but  Figures  22  and  a  snow 
scanning  electron  micrographs*'  of  stainless  steel  coker  filters  at  low  mag¬ 
nification.  Figure  2?.  shows  three  shots  at  magnifications  of  6ox,  lOOx,  and 
JOOx  of  the  clean  filter.  Figure  23  shows  the  same  filter  at  lOOx,  three 
different  areas,  after  running  SHELLDYHE  at  6  lb/hr  and  675*F.  All  that  can 
be  seen  by  comparing  these  two  series  of  photographs  ia  how  completely  the 
filter  has  become  plugged  with  debris.  However,  we  are  now  preparing  to  re¬ 
peat  this  comparison  at  about  20,000x,  with  the  hopes  of  seeing  the  micro- 
structure  of  the  deposit  layer  on  the  stainless  steel  filter  perticles.  We 
then  plan  to  take  the  same  sort  of  photographs  of  seme  aawed-up  sections  of 
a  coker  tube  which  has  bean  previously  rated  on  the  standard  Tuberator  scale. 

A  chief  disadvantage  of  this  approach  as  a  routine  method  would  be 
its  inconvenience.  Also,  tho  tube  would  have  to  be  destroyed,  since  sections 
of  only  about  1/2  inch  maximum  length  can  be  observed.  The  cost  would  be  a 
futher  deterrent.  This  arises  not  only  from  tlie  cost  of  the  electron  micro¬ 
scope  itself,  but  also  from  the  laboratory  preparation  of  the  surfaces  which 
must  be  made;  i.e.,  an  evaporative  coating  of  about  75  A  gold  is  applied  at  a 
30*  angle  while  the  sample  is  being  rotated.  Total  cort  would  be  about  35 
dollars  per  photograph,  which  must  be  multiplied  times  the  number  of  shots 
necessary  to  describe  the  entire  tube. 


a)  The  electron  microscopy  was  done  by  R,  0.  Meisenheimer, 
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Summary  of  Da  posit  Rating  Methods 

A  comparison  of  tho  AS1M  color  code,  hast  transfer  coefficient, 
combustion,  radiation,  and  solvent  deposit  removal  tube  rating  methods  has 
been  compiled  in  Table  42.  Insufficient  information  is  available  to  estimate 
detection  level*  for  the  infrared  method. 

By  way  of  sumaary,  it  can  be  seen  that  the  combustion  and  solvent 
removal  techniques  offer  the  greatest  sensitivity.  However,  the  combustion 
method  suffers  by  reason  of  harmful  tube  metal  effects,  while  the  solvent 
method  depends  upon  finding  a  suitable  solvent  or  reactant.  Beta-radiation 
detection  ranks  nsrt  in  sensitivity,  but  the  details  of  this  approaoh  have 
yet  to  be  worked  out.  The  measurement  of  heat  transfer  coefficients  provides 
a  sufficiently  sensitive  method  on  paper,  but  has  not  proved  satisfactory 
experimentally.  Further  investigation  will  be  necessary  to  select  the  most 
favorable  of  these  methods. 


Table  k2.  ESTIMATED  MINIMUM  DETECTION  LEVELS  FOR  FIVE 
blfRflENT  'coi&Rlrtob  ratiTp  tKhnkiues 


Rating  Method 

Average 

Deposit 

Thickness,*' 

mil 

Total 
Deposit 
Weight,  mg 

Approx  ASTM 
Color  Code, 
Equivalent*3' 

/STM  Color  Code 

10 

0.5 

Heat  Transfer 
Coefficient 

0.03 

A3 

0.5 

Combustion 

0.000k 

0 

Beta-Radiation 

0.001 

0 

Solvent  Deposit 
Removal 

0.000k 

mm 

0 

a)  111*  maxim  v.  deposit  thickness  ii‘  probably  5-0  times 


the  average  thickness, 
b)  Based  on  average  thickness  of  deposit. 

Overall  the  completion  and  radiative  methods  appear  most  promising, 
and  at  the  present  time  most  of  our  effort  is  directed  toward  the  combustion 
method.  We  will  also  In  the  near  future  evaluate  a  method  utilising  an  Ms 
ring  burner  or  a  laser  as  the  source  of  combustion,  with  the  expectation  that 
this  will  be  more  rapid  and  less  destructive  to  the  tube,  and  particularly, 
to  the  tube  heater.  The  possibilities  of  utilizing  other  methods  of  measure¬ 
ment,  involving  m,  x-ray,  and  dielectric  properties  are  being  studied.  The 
success  of  the  CAFSTR  and  of  future  coker-type  testing  depends  upon  the  solu¬ 
tion  to  this  problem. 
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The  SD  Coker,  as  originally  designed,1)32)  operated  on  a  fuel  re¬ 
cycle  scheme  and  utilized  a  glass  double  reservoir  to  measure  the  fuel  flow 
during  recycle  operation.  This  devico  vas  chosen  to  avoid  the  calibrations 
required  with  rotameters  when  using  experimental  fuels  with  a  wide  range  of 
densities.  A  description  of  the  operation  of  this  double  reservoir  device 
has  been  given  previously.32) 


Although  the  current  system  has  been  simple  to  operate,  and  satis- 
factorily  accurate,  tncre  have  been  two  notable  defects.  First,  the  glass 
reservoir  and  Joints  were  subject  to  occasional  breakage;  arjd  there  waa  always 
tne  safety  hazard  that  failure  of  the  Grove  pres cure  regulator  might  release 
full  system  pressure  into  the  reservoirs  and  explode  them. 


A  second  problem  had  more  to  do  with  the  inadequacy  of  the  Zenith 
pump  used  than  with  the  glass  reservoir  system  itself.  Particularly  with 
lower  viscosity  fuels  such  as  methylcyclohexanc,  pump  wear  has  been  both 
severe  and  variable.  Generally,  the  higher  the  pressure  developed  the  greater 
the  pump  wear,  but  this  differed  with  individual  pumps. 


*  However,  since  the  mating  parts  are  machined  to  a  tolerance  of  about 

0.0002  in.  the  Zenith  pump  ia  a  satisfactory  metering  device.  Only  when 
producing  high  pressures  with  low  viscosity  fluids  docs  scuffing  difficulty 
develop. 

In  our  CAFSTR®)  and  in  the  modified  Erdco  Coker  we  have  gone  to  a 
gas  pressure  drive,  which  la  a  good  system,  but  not  readily  applicable  to 
recycle  operation  (which  ve  favor  because  of  the  often  limited  availability 
of  experimental  fuels). 

We  he*M  now  modified  the  SD  coker  to  eliminate  the  glass  reservoirs. 
The  revised  system,  shown  in  Figure  gk  is  designated  M-7. 

In  this  arrangement  the  d/p  cell,  besides  reading  pressure  drop 
across  the  filter,  eerveo  as  a  fuel  reservoir  and  sparge  for  equilibration 
with  the  pressurizing  gas.  The  pump  serves  only  to  meter  the  fuel  and  recir¬ 
culate  it.  Since  the  pump  is  of  a  volumetric  displacement  type,  the  flow 
rate  is  determined  with  an  electronic  counter  which  reads  in  tenths  of  rjm 
the  rotation  of  the  pump  drive  gear.  Total  system  pressure  is  supplied  by 
the  sparge  gas,  sparging  action  being  maintained  by  a  alight  imbalance  in  the 
settings  of  the  sparge  gas  supply  and  system  pressure  regulator  settings.  The 
sight  glass  permits  instant  visual  observation  of  the  sparging  rate  and  also 
doubles  as  a  6Urge.  The  sparging  rate  can  be  observed  at  the  Grove  regulator 
gas  discharge  tube,  where  a  simple  bubble  flow  meter  la  used  to  quantitatively 
measure  the  sparge  gas  rate.  A  standard  rate  of  100  ml/min  has  been  found 
satisfactory. 

Since  the  entire  fuel  system  is  under  pressure,  it  is  necessary  to 
replenish  the  oxygen  reacted  in  the  hot  test  zones  by  using  a  sparge  gas  of 
the  proper  Os  partial  pressure.  Because  of  the  effect  of  pressure  on  O2 
solubility,  the  required  percentage  of  03  in  the  sparge  gas  is  leas  than  for 

a)  Catalyst  and  FUel  System  Test  Rig.  ' 
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•tnosphario  oquillbration,  and  varies  with  the  pressure.  For  example,  to 
provide  fuel  which  would  be  oxygen  saturated  at  1  atmosphere  requires  equili¬ 
bration  with  sparge  gas  containing  about  1.8711  0a  at  150  psig. 

Similarly,  If  a  low  dissolved  oxygen  concentration  la  desired,  the 
mognltuda  of  the  total  pressure  Imposes  limitations  on  the  leva  la 

attainable.  In  Table  ip  the  equilibrium  dissolved  Os  in  shown  versus  pressure 
for  1  ppo  oxygon  concentration  in  the  sparge  gas.  These  values  were  calcu¬ 
lated  fran  Ostvald  Coefficients  for  a  petroleum  fraction  ol  0.7Q  specific 
gravity  at  60*F30)  and  demonstrate  the  lower  O2  limits  vhich  may  be  expected. 
The  reatriotione  will  not  be  serious,  however,  since  even  30  ppb  oxygen  is 
difficult  to  measure  experimentally. 

TableJfJ. _ FFTTCT  OF  TOTAL  ON  PIS50I.VED  OXTC.r.H 

06*07 :i nuTfo; i_i n  a  0.78  G?:~ctria  ci,\v  1  n  kyphocaudon 
WITH  All  EQUILUjiiATINO'  Ga2  CONTAIN  j]ib  1  pm 


Total.  Preaeure.  poi  Dissolved  Op,  Parts  Per  Billion 


150  5 

250  8 

400  12 

600  18 

1000  30 


Although  we  Intend  to  eventually  operate  the  SD  coker  at  1000  psl 
pressure,  operation  to  date  has  not  exceeded  600  psl.  Suprisingly,  even  at 
eOO  poi  pressure  a  email  amount  of  leakage  occurs  between  the  plates  of  the 
Zenith  pump,  though  these  pumps  are  specified  by  the  manufacturer  for  use  at 
pressures  above  1000  pal  (but  with  viscous  fluids).  Apparently,  the  phenxa- 
enoa  Is  related  to  the  high  preaeure  an  both  inlet  and  outlet  sides  of  the 
pump,  since  leakage  was  never  a  problem  vEuT  the  pump  Itself  was  developing 
the  system  pressure  and  the  inlet  side  was  near  atmospheric.  Thus  leakage 
could  give  trouble  at  higher  pressures.  It  may  be  possible  to  control  this 
by  using  additional  bolts  or  clamps. 


Despite  theso  problems,  the  new  recycle  arrangement  has  been  found 
to  operate  quite  satisfactorily.  The  pump  operates  elmort  without  noise  vhich 
indicates  little  wear  is  occurring.  The  fuel  system  requires  350  ml,  and  is 
filled  to  a  standard  mark  on  the  Jergusen  sight  glass  at  the  start  of  each 
test.  This  level  has  not  been  observed  to  change  during  runs.  Flow  rate 
checks  ere  rapidly  and  simply  made  during  the  test  using  the  electronic 
counter  and  have  been  found  constant  to  *0.5  percent. 

Because  of  the  avoidance  of  wear  debris  from  the  pump,  the  M-7 
coker  may  have  become  a  somewhat  less  severe  test  than  It  was  previously. 

Effect  of  Metal  Environment  on  Pecalln  Thermal  Stability 

The  presence  of  trace  metals  his  long  been  recognised  as  a  deter¬ 
rent  to  good  thermal  stability  of  liquid  hydrocarbon  fuels.  Such  trace  metals 
are  always  present,  deriving  from  the  construction  materials  of  fuel  system 
components.  We  have  found,  for  example,  that  variations  in  wear  rates  of  the 
SD  Coker  Zenith  pump  can  cause  differences  in  tube  deposit  ratings,  though 
this  could  be  due  in  part  to  the  presence  of  metal  In  the  deposit.  s) 
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Sine?  trace  metals  are  known  to  differ  In  their  Influence  on  fuel 
stability, 3a"40)  It  was  decided  to  investigate  the  effeots  on  the  thermal 
stability  of  Decalln  of  Some  of  the  more  commonly  encountered  metala,  using 
the  SD/M-7  Fuel  Coker. 

The  Decalin  used  in  theoe  tests  was  prepurified  by  percolation 
through  a  silica  gel  column.  Prior  to  the  test,  the  Decalin  was  put  on  a 
laboratory  shaker  for  a  minimum  of  7  hours  with  the  chosen  metal  in  a  powdered 
state  ( ca  3  grama/liter).  The  pewdored  natal  was  then  filtered  out,  using  a 
0.45  micron  Millipore  Filter,  and  the  Decalin  introduced  directly  into  the 
coker.  Although  some  tasts  were  tried  «<th  only  this  pre -equilibration,  the 
general  procedure  was  to  attempt  oor.stant  re-equilibration  by  recirculation  of 
the  fuel  through  a  coarser  bed  of  tho  test  metal  throughout  the  test.  A  sub¬ 
sequent  test  was  then  conducted  under  identical  conditions  with  about  24o  ppm 
of  the  metal  deactivator  (MM),  NjN'-disalieylidene-l^-propanediamine,  added 
after  filtering. 

An  unfortunate  circumstance  in  the  present  tosts  Is  that  the  ooker 
fuel  Byatom,  except  for  the  aluminum  preheater  tube,  ia  316  stainless  steel 
throughout,  thus  providing  a  constant  background  of  contamination  with  those 
elements  present  in  the  stainless  steel.  From  the  typloal  analysis  of  316 
stainless  shewn  in  Table  4$,  the  large  amounts  of  Cr,  Ni,  and  Fe  are  particu¬ 
larly  to  he  noted,  since  these  are  among  the  metals  under  present  investigation. 

The  complete  list  of  metal  environments  Investigated  includes  Fe,  Cu, 
Ni,  Cr,  Zn,  Pb,  and  additional  stainless  steel.  All  runs  were  at  150  psig  and 
most  were  at  6oo*F.  Preliminary  results  are  tabulated  in  Table  44. 

Most  deleterious  to  Deoalin  thermal  stability  ratings  were  copper 
and  iron.  At  6oo*F  both  oaused  increases  of  3  code  numbers  In  tube  ratings. 

One  difference  noted  between  the  two  metals  was  that  oopper  caused  a  signifi¬ 
cant  inorease  in  filter  plugging  (11.5  "Hg  compared  to  2.1"  without  oopper). 

Iron  oaused  no  filter  plugging  at  all.  Ths  introduction  of  MM  with  each  metal 
resotred  the  tube  ratings  to  the  "neat"  Decalin  stability  lovel  (Cu/MDA,  3.5/ 

17;  FeAlM,  3/ll ;  metal  free,  3/22).  MM  also  eliminated  the  filter  plugging 
observed  with  copper  (Cu,  11.5";  Cu^iDA,  1.5"  Hg).  At  oOO'F,  then,  MM  nulli¬ 
fies  all  of  the  deleterious  effects  of  dissolved  copper  or  iron.  When  iron 
was  run  by  pre-equilibration  alone  ( no  re-equilibration  bed  in  the  flew  stream), 
the  ratings  were  essentially  the  same  as  for  Decalin  alone  (Fe,  3A6,  0", 
Fe-free,  3/22,  2.6"  Hg).  Cu  was  the  only  metal  having  a  significant  influence 
on  filter  pressure  drop. 

Chromium  also  had  a  small  adverse  effect  on  Decalin  ratings  ( Cr, 

4/33,  0*8"  Hg;  Cr-froe,  3/23,  2.1"  Hg),  which  was  not  significantly  improved 
by  the  addition  of  MM. 

The  presence  of  nickel  had  no  appreciable  effect,  although  ths 
improvement  due  to  MM  addition  which  was  observed  without  nickel  was  not 
found  with  nickel  (Ni-freeAtDA,  2/12.5;  Ni/hM,  3/14.5;).  Since  the  coker 
flew  system  is  oonstruoted  of  Btainless  steel,  as  previously  mentioned,  we 
suspect  the  true  harm  contributed  by  Cr  and  Ni  may  be  greater  than  that  shewn 
by  these  tests. 
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Table  44.  EFFECTS  OP  METAL  EHVTROfg'ffiMTS  OH  THERMAL  STABILITY  OF 
DKCALIH  (r-»9)  WITH  AKD  WITHOUT  METAL  PEACT IVATOR'ImDA)  ~~ 


Coker 

Runs 

Temp, 

y 

Metal 

Pre- 

eguil. 

Metal 

Re- 

etjuil. 

KDA 

Aided, 

g/liter 

Preheater, 
Watt  a 

Tube, 

Max/ 

Total 

Filter, 

APp 

"Hg 

285,  £66,314 
315,316,?U6 

600 

. 

508 

3 

2.1 

255,  262 
26>e,  26jB 

625 

„ 

• 

620 

3  /23 

0.0 

2ff* 

650 

- 

- 

- 

686 

3.5/26 

2.9 

320 

675 

- 

- 

- 

674 

5  /28 

0.2  • 

28T 

600 

- 

- 

0.001*6 

500 

3  /15 

0.0 

295 

600 

- 

- 

0.211* 

505 

2  /12.5 

0.8 

294 

625 

- 

- 

0.214 

632 

4.5/20.5 

0.7 

293 

675 

- 

- 

0.214 

728 

8  /20.5 

0.4 

288 

600 

re 

- 

- 

499 

3  /16 

0.0 

303 

600 

Fe 

Fe 

- 

499 

6  A3 

0.0 

3 04 

600 

Fe 

re 

0.211* 

499 

3  /u 

0.0 

290 

600 

Cu 

Cu 

- 

503 

6  /4l 

n.5 

291 

600 

Cu 

Cu 

0.214 

505 

3.5/17 

1.5 

52T,  334 

600 

Hi 

Ml 

m 

499 

3  AT 

0.0 

31T,  333 

600 

N1 

Ni 

0.214 

490 

3  /14‘.5 

0.0 

308 

600 

Cr 

cr 

- 

505 

4  /33 

0.8 

310 

600 

Cr 

Cr 

0.214 

505 

3.5/24.5 

4.8 

332 

600 

31633 

316SS 

- 

474 

2  /l4 

0.0 

331#  321 

600 

316SS 

316SS 

0.214 

474 

2  Ao 

2 

319#  310, 
292 

600 

Zn 

Zn 

0.214 

505 

1-5/10 

1.5 

330 

600 

Zn 

Zn 

- 

464 

2  /12.5 

0.2 

513,  325 

625 

Zn 

Zn 

- 

610 

3  /23 

1.3 

296,501,302, 

311,329 

625 

Zn 

Zn 

0.214 

634 

3  /18 

0.6 

297 

625 

Zn 

m 

0.214 

622 

4  A7.5 

0.3 

337 

600 

Pb 

Pb 

0.214 

504 

2  /l7 

0.0 

333 

600 

Pb 

Pb 

ee 

498 

2  /17 

0.0 
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Table  1»5«  CHEMICAL  ANALYSIS 


OF  316  STAINLESS  STEEL 

Element 

_4_ 

C 

0.10 

Mn 

2.0 

Cr 

16-18 

Ni 

10-lb 

Si 

1.0 

Mo 

3-0 

Fe 

62-28 

In  view  of  the  results  for  Ni  and  Crf  however,  the  data  with  added 
316  stainless  were  surprising,  since  the  tube  ratings  were  improved  (no  added 
stainless,  3/23;  stainless  added,  2/l4).  When  MCA  was  added,  no  further 
effect  was  found. 

Interestingly,  at  600*F  the  presence  of  Zn  and  Fb  gave  similar 
improvements  in  tube  ratings  to  that  of  316  SS,  which  again  were  not  signifi¬ 
cantly  altered  by  the  further  addition  of  MM.  But  at  625*F,  no  iudluonoe  of 
Zn  ooourred. 

Further  data  will  he  needed  to  confirm  the  tentative  conclusions 
stated  here  for  Ni  and  Cr.  Htvever,  the  harmful  effects  of  Fe  and  Cu,  and 
the  henefioial  effects  of  Zn,  Pb,  and  316  S3  represent  deviations  which  are 
outside  the  95  percent  confidence  limits  for  the  determination  of  Deoalln 
ratings,  and  are  therefore  considered  reliable.  The  latter  three  metals 
appear  to  he  removing  something  from  Decalin  which  is  harmful  to  its  thermal 
stability,  while  Fe  and  Cu  appear  to  behave  as  oxidation  catalysts.  The 
beneficial  effect  of  MM  in  the  untreated  and  in  the  Cu  and  Fo  treated  oases 
is  also  outside  the  95  percent  confidence  limits  of  the  pure  Decalin  rating, 
and  is  therefore  considered  real. 

When  beneficial  effects  of  MM  do  ocour,  such  as  with  copper  and 
iron,  the  improvement  is  probably  due  to  its  chelating  action,  but  this  must 
largely  occur  during  the  firart  few  recycles  of  the  SD/H-7  Cober,  since  MM 
iteelf  is  not  stable  above  about  540"F.R)  However,  tlm  ohslates  of  MM  would 
be  expeotsd  to  be  stable  at  higher  temperatures,  and  might  therefore  be  ex¬ 
pected  to  survive  the  SOO’F  colter  exposure  temperature.  This  may  explain 
why  MM  was  beneficial  without  metal  additive  at  600*F,  while  at  higher 
temperatures  (i.e.,  625-675’)  the  instability  of  the  chelate  Itself  might 
contribute  to  deposit  formation.  The  data  of  Table  45  are  in  harmony  with 
this  hypothesis. 


a)  MM  decompose s  to  phenol  ar.d  other  lewer  boiling  products,  du  Pont  MM 
Bulletin.  Its  stability  would  expected  to  be  somewhat  greater  in  dilute 
solution. 


-  109  - 


r 

l 

t  ;  t  sFjp&Nmrrn  <  ~  j  m 


ATAFL»tt-6T-n4 
Part  XX 


Tibia  46.  EFRCT  OF  METAL  DEAjCTIVATCR 

V'Jib  i;iyT  cm  ri  vmajl 

oTADIim  OK  DhjALLH 

SD/fo-7  Cokar 


Tube  Ratings 

Temp, 

Without 

With 

V 

MCA 

KDA 

600 

3  /22 

2  /12.5 

625 

3  /23 

4.5/20.5 

650 

3.5/26 

- 

6T5 

5  /2fi 

6  /37 

« 


SPAl-7  Coker  Cleanup  Procedure 

DtotUM  the  M-7  Coker  operates  an  a  recycle  principle,  special 
precautions  bare  to  be  taken  to  avoid  inter- to  at  contamination.  Deposit*  may 
be  laid  down  in  the  cooler  and  in  other  cold  regions  of  the  flow  system, 
which  are  not  readily  removable  by  mechanical  techniques  such  as  are  used  in 
the  cleanup  of  the  preheater  and  teat  filter.  Moreover,  low  temperature 
deposit!  laid  down  in  one  run  may  be  partially  dissolved  by  the  test  fuel  of 
tho  next  run,  thus  resulting  in  an  experimental  rating  error  and  failure  to 
reproduce  results. 

To  avoid  this  ha  card,  «  new  procedure  for  oleanlng  the  system  has 
been  developed,  baaed  upon  testa  of  the  effectiveness  of  various  solvents  in 
removing  deposits.  Solvent  effectiveness  has  been  Judged  from  both  a  general 
knowledge  of  component  solvency  power  and  by  the  color  of  the  solvent  upon 
its  removal  from  the  ayuten. 

Influence  of  Solvent  Contamination  on  SD/M-7  Coker  Ratings 

Despite  the  extensive  care  taken  in  trying  to  remove  all  solvent 
from  the  system  following  the  solvent  wash  series,  it  is  possible  that  sol¬ 
vent  contamination  might  result  in  misleading  results.  The  use  of  dimethyl- 
formanide  (DMF)  was  of  particular  concern  because  of  its  nitrogenous  charac¬ 
ter,  although  it  ic  regarded  aa  a  very  chemically  stable  compound. 

To  dotermuae  the  effects  of  such  contamination,  DMF  and  toluene 
were  run  in  the  coker  at  1  percent  (v)  concentration  with  Decalin.  At  600*F 
the  ratings  were  OMF,  2.5/10  and  toluene,  2.5/14.  No  filter  plugging  occurred 
in  either  case.  This  compares  with  average  ratings  of  j/2 3  and  2.6"  Hg  for 
identical  run*  without  DMF  or  toluene.  In  other  wards,  neither  solvent  causes 
luma,  and  may  even  improve  the  thermal  stability  rating  of  Decalin  (perhspe 
due  to  deposit  removal  from  the  preheater  and  filter  due  to  Improved  solven¬ 
cy). 


We  had  also  been  concerned  whether  Decalin  runs  following  SHELLDYNE 
tests  could  hsva  possibly  suffered  from  contamination  with  SHELLDYNE.  Con¬ 
sequently,  a  similar  test  to  that  with  DMF  was  made  with  SHELLDYNE  as 
the  "contaminant."  Results  with  1  percent  SHELLDYNE  at  600*F  wore  2.5/19, 
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arxl  no  rlao  in  filter  pressure  drop- -an  almost  Identical  rating  to  that  with 
DMT. 

Additional  teats  of  thia  typo  will  be  made  with  other  solvents 
which  hare  been  used,  i.e.,  ethyl  acetate  and  acetone. 

Tharcuil  stability  of  SHELLDYNE  and  SilELLDYNE  H 

The  thermal  rtability  of  SHEi  ./YHE,  SHELLDYNE  H,  and  Deoalin  vaa 
obrerved  in  the  SD/M-7  Coker  using  the  recycle  node.  The  results  are  given 
in  Table  4?.  It  will  be  noted  that  both  SHELLDYNE  and  SHELLDYNE  H  have  leaa 
tendency  to  form  tube  deposits  than  Decalin  but  much  greater  filter  plugging 
tendencies.  Thia  latter  attribute  la  probably  exaggerated  by  the  recycle 
mode  uced  in  the  teat,  since  on  the  average  the  charge  of  fuel  la  recycled 
35  tinea  through  the  heated  zones.  Even  so  SHELLDYNE  H  is  substantially  less 
prone  to  fora  both  tube  and  filter  deposits  than  the  parent  material. 

A  more  recent  a ample  of  SHELLDYNE,  although  it  had  an  adsorbence 
at  557  microns  ware  length  27  percent  greater  than  the  previous  sample, 
also  gave  a  satisfactory  SD/M-7  Coker  rating  (Ta<s  breakpoint  of  600 *F). 

Thus,  the  thermal  stability  of  the  SHELUJYriE  samples  received  have  been 
reasonably  reproducible  from  batch  to  batch,  despite  differences  in  color 
appearance.  The  latter  SHEUDYH-  bee  sow  been  hydrogen  treated  for  use  In  the 
mini-FSSTR  studies. 

Thermal  Stability  of  P  and  V  555  Jet  Fuel 

A  cam-drum  sample  of  P  and  V  535*  »  high  quality  JP-7  type  turbine 
fuel,  was  obtained  from  Pratt  and  Whitney  West  Palm  Beach  Florida  facility 
fair  aee  In  cooperative  teats.  Thia  fuel  is  belxsg  used  by  P  and  W  for  most 
of  the  heat  transfer  testing  being  done  at  their  Florida  location.  Ve  have 
iwjv  determined  the  thormal  stability  of  this  fuel  using  the  SD/M-7  Fuel  Teat 
Rig.  The  breakpoint  temperature,  Ta.s,  of  600*F  was  found  to  be  identical 
with  that  of  Deoalin.  Filter  plugging  vaa  almost  nil  (0.15"  Hg).  The  color 
change  In  the  fuel  was  slight,  becoming  a  very  light  yellow,  and  low  solvent 
coloration  during  the  poet- run  cleanup  indicated  a  low  level  of  cold  zone 
deposit  formation. 
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Table  1*7.  COMPARISON  OF  THERMAL  STABILITY  OF 
"SHELU3YNE.1-  ,lSH£ilg,;?g,,-H  AMD  DEC  ALIN 

5  hr  SD/^i-7  Coker  ratingo,  6  lb/hr  fuel  flow  rata. 
Recycle  node,  Ca  content  equivalent  to  equilibra¬ 
tion  with  1  atmosphere  air,  150  psla. 


Fluid  Temp, 

*F 

TO' 

Tube  Rating 

SHKLLDYHE  H 

675 

13.0 

1.5/  8 

ti 

TOO 

6.8 

3  /22.5 

w 

725 

-4.4 

4  /23 

M 

(690)^) 

(10.0)t>) 

(2.5/20)^) 

SHELLDYNZ 

575 

53 

0.5/  3 

tt 

625 

ca  179 

3.5/24.5 

w 

650 

oa  305 

6  /36 

IV 

675 

ca  204 

1.5/10  (47  min)°) 

91 

(6l0)t> 

(I4l)b> 

(2.5/l8)1>) 

Decalin 

F-H3d> 

600 

0 

2.5/16.5 

F-139®) 

600 

0 

3.O/2O.5 

625 

0 

3  /2 3 

650 

2.9 

3.5/26 

600 

0 

3.0/1 6 

600 

0 

3. C/15 

(600 )*) 

(0)» 

(3.0/15)^) 

a)  ASXM  Color  Code  Ratings,  Max/Total. 

b)  Interpolated  tube  rating  breakpoint,  assumed  to  be 


at  code  2.5,  and  corresponding  pressure  drop. 

c)  Test  terminated  because  of  rapid  Increase  in  filter 
pressure  drop. 

d)  Analysis:  21. 5  trans,  74.5  els,  0.4  tetralin. 

e)  Analysis:  33.5  trans,  65.5  cis,  0.8  tetralin. 

f)  Filter  temperature  -  fluid  temperature. 
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Fuel  System  SLmlottcn  Tent  Rjr; 

The  Fuel  System  Simulation  Toot  Rig  (FSSTR)  hao  been  described  in 
detail  In  tho  three  annual  roporto  aaacciated  .d+h  the  preceding  contract  on 
thlo  subject, 1)a)3)  therefore  no  doocription  of  .-ne  unit  will  be  Included 
hero.  However,  a  flow  ocheoo  is  repeated  as  Figure  v.'j  for  convenience. 

During  the  past  year  the  following  studies  have  been  conducted  in 

the  FSSTR: 

(1)  Catalytic  dehydrogenation  of  MCH  over  U0P-R3  in  a  0.277”  ID  x 
2-ft  long  reactor  section. 

(2)  Heat  transfer  to  MCH  in  the  empty  2-ft  reactor  section. 

(3)  Heat  transfer  to  MCH,  water  and  Na  in  0.0265"  ID  x  4"  and  6" 
long  heat  exchange  sections. 

(The  last  two  items  ore  part  of  a  continuing  cooling  Btudy  program.) 

Catalytic  Dehydrogenation  of  MCH  Over  U0P-R8 

A  description  of  the  reactor  used  in  these  tests  as  well  as  a 
report  of  the  initial  test  series  was  included  in  the  immediately  preceding 
Annual  Report  on  this  project.10’  For  convenience,  the  description  is  repeated 
hero  and  the  results  of  the  first  test  are  incorporated  with  the  remainder  of 
the  data. 


0.277"  ID  x  2-ft  Long  Reactor 

In  order  to  permit  investigation  of  heat  flux  conditions  closer  to 
those  which  might  be  encountered  in  combustion  chamber  cooling,  a  short 
reaotor  section  was  constructed  and  installed  in  the  FSSTR  in  place  of  the 
usual  10-ft  reactor  section  III.  This  reactor,  a  sketch  of  which  is  shown  in 
Figure  26,  was  made  up  of  a  2-ft  section  of  3/8  in.  OD  x  0.049  in.  wall 
Hastelloy  C  tube  welded  to  Hi  bus  bars.  Compression  type  fittings  (3/8  in.) 
provide  inlet  and  outlet  connections,  and  1/16  in.  fittings  are  used  as 
glands  for  inlet  and  outlet  fluid  temperature  thermocouples.  A  1/16  in. 
fitting  was  also  provided  in  the  exit  end  bus  bar  for  sample  withdrawal.  Tube 
wall  (external)  temperatures  were  measured  at  six  locations  by  thermocouples 
spot  welded  to  the  reactor  tube.  The  two  load  wires  from  each  Junction 
(insulated  from  direct  contact  with  the  tube  by  ceramic  cement)  were  wrapped 
1/2  turn  each  in  opposite  directions  around  the  tube  and  then  passed  through 
ceramic  insulating  tubes  to  points  far  from  the  high  temperature  area. 

The  10-ft  reactor  sections  normally  used  in  the  FSSTR  use  1/16  in. 
OD,  insulated  Junction,  sheathed  thermocouples  welded  to  the  tube  wall  for 
monitoring  vail  temperatures.  The  2-ft  reactor  section  made  for  this  study 
was  originally  constructed  in  the  same  manner.  During  preliminary  heating  of 
the  reactor  with  Na  flow  through  the  tube  it  became  evident  that,  without  a 
compensating  heat  tube  surrounding  the  reactor,  as  is  used  around  the  10-ft 
sections,  heat  leaks  along  the  thermocouple  sheaths  were  causing  errors  in 
temperature  measurement.  The  uee  of  unsheather  30-gage  (0,010  in.)  thermo- 
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couples  spot  voided  directly  to  the  rouctor  vug  tr.cd  and  proved  satisfactory. 
A  comparison  of  recorded  temperatures  obtained  at  the  same  time  from  the  two 
types  of  couples  ig  shown  in  Figure  27.  The  hare  wire  couples  were  used  for 
all  MCH  tost  runs  on  the  2-ft  reactor.  Using  this  type  of  couple  results 
in  electrically  hot  lead  wires  and  appropriate  safety  precautions  had  to  be 
taken. 


The  electrical  resistance  of  this  reactor  section  is  about  0.025 
ohms.  With  the  power  supply  presently  in  use,  a  maximum  heat  flux  of  ca 
590,000  Btu/(hr  •  fta)  can  be  reached  without  exceeding  the  1000  ampere 
rating  of  the  transformer  secondary. 

A  measurement  of  heat  losses  from  the  reactor  has  been  mad-  by 
passing  heated  Na  through  the  tube  and  recording  the  fluid  temperature 
entering  and  leaving  and  the  tube  wall  temperature  profile.  With  the 
assumption  that  the  tube  wall  temperature  profile  is  parallel  to  the  average 
Na  temperature  profile,  an  extrapolation  of  a  straight  line  through  the  wall 
temperature  points  to  the  0  in.  and  24  in.  limits  (disregarding  the  points 
1/2  in.  from  either  end  which  were  apparently  influenced  by  heat  leak  to  the 
bus  bars)  yields  the  Na  temperature  drop  along  the  reactor  tube  proper. 

Subtracting  this  loss  from  the  total  loss  (determined  from  overall 
fluid  temperature  drop  corrected  for  any  power  input)  gives  the  heat  loss  to 
the  two  bus  bars.  Equal  loss  to  each  bus  bar  has  been  assumed.  The  heat 
losses  so  determined  are  shown  as  the  solid  points  in  Figure  28.  Note  that 
the  "tube"  losses  agree  with  those  determined  later  with  the  tube  empty  but 
that  the  "end"  losses  are  higher  than  the  empty  tube  values.  This  la  because 
the  outside  tube  wall  temperature  determines  the  heat  Iosb  from  the  tube  and 
it  is  the  outside  wall  temperatures  which  are  measured,  while  in  the  case  of 
the  bus  bar  losses,  the  temperature  used  is  that  of  the  fluid  passing 
through  the  opening  in  the  bus  bar  and  heat  flux  to  the  bus,  depends  not 
only  on  this  temperature  but  also  on  the  heat  transfer  coefficient  betvresen 
fluid  and  bus  which  is  influenced  by  flow  rate  end  also  by  that  portion  of 
the  catalyst  bed  which  enters  the  bus  bar.  The  heat  flux  values  given  in 
the  data  summary  tables  have  been  corrected  for  the  "tube"  loss.  Any  overall 
heat  balance  made  should  incorporate  both  "end"  and  "tube"  losses. 

Teat  Runs 


The  initial  system  tested  using  the  2-ft  reactor  section  was  MCH  over 
UOP-RO ,Pt  oa  AI3O3 , catalyst.  Table  48  suumarizes  the  data  obtained  during  the 
six  test  series  making  up  the  study.  Each  of  the  series  will  be  described 
briefly  in  the  following  discussions. 

The  first  test  series  (10018-50)  vas  designed  to  duplicate  the 
reactor  inlet  conditions  and  power  input  specified  an  Condition  B  in  Table  70 
of  the  last  annual  report.10'  A  direct  comparison  of  experimental  data  and 
performance  predicted  by  the  mathematical  model  could  then  be  made.  (This  is 
discussed  later  .)  A  feed  rate  corresponding  to  a  mass  velocity  of  150,000 
lb/(hr«ft2?,  an  inlet  pressure  of  900  psig,  and  an  inlet  temperature  of  ca  900*F 
were  established  end  power  to  the  reactor  vas  increased  in  steps  until  thw 
specified  heat  flux  (ca  550,000  Btu/lhr*ft)l  vas  reached.  As  it  became  evident 
that  the  catalyst  was  deactivating,  the  test  vas  discontinued  at  that  point. 


Temperature  Above  Nj  Inlet  Temperature,  *F 


With  Catalyst  in  Tube 
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Table  48  (CotvU-l).  FSSTR:  HSH  OVER  GUP-R6  IN  2-fT  REACTOR 
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The  effect  of  catalyst  deactivation  I3  shown  in  Figure  29  where  the  exit 
fluid  temperature  la  indicated.  The  continuing  temperature  rise  shown  in 
the  final  runs  after  a  step  increase  in  power  indicates  that  the  heat  oink 
resulting  from  reaction  is  decreasing  and  a  corresponding  amount  of  power  is 
heating  the  product. 

Even  though  the  catalyst  hod  evidently  been  slowly  deactivating  prior 
to  the  final  power  increase,  the  initial  conversion  at  that  level  reached  about 
66‘/o.  Comparing  this  with  the  predicted  conversion  of  5"ftJ  indicated  that  some 
modification  of  the  model  would  be  required. 

Series  10018-52  was  run  at  the  same  reaotion  inlet  conditions  as  the 
preceding  scries  as  a  check  on  the  previous  results.  Longer  lined-out  periodn 
of  operation  confirmed  that  deactivation  was  proceeding  at  temperatures  at 
least  as  low  as  900*F. 

As  tests  in  the  bench-scale  reactor  (Figure  6)10^  had  shown  some 
temporary  improvement  in  catalyst  activity  resulting  from  hydrogen  treatment, 
this  procedure  was  tried  on  the  partially  deactivated  cat&lyat.  Ha  was  passed 
through  the  reactor  while  maintaining  inlet  and  outlet  fluid  temperatures  at 
ca  1000* F  for  20  minutes.  No  significant  increase  in  activity  could  be 
demonstrated  during  the  initial  run  conditions  established  for  Scries  10018^55. 
If  any  enhancement  of  catalyst  activity  occurred,  it  was  very  temporary  and  had 
dissipated  during  the  time  required  to  bring  the  unit  to  an  operating  condition 
corresponding  to  the  final  run  of  the  preceding  series.  The  test  was  continued, 
increasing  power  input  in  steps,  until  a  heat  flux  of  576,000  Btu/(hr»ftE)  was 
attained.  At  this  point  the  tube  wall  temperature  at  a  point  l/2  in.  from  the 
exit  enl  started  increasing  rapidly  and  the  run  was  discontinued.  This  will  be 
further  diacusaed  in  a  subsequent  section.  The  increasing  rate  of  catalyst 
deactivation  at  higher  temperatures  was  clearly  demonstrated  during  this  scries. 
Figure  50  shows  the  fCH  conversion-time  data  taken  at  three  temperature  levels. 

A  fresh  charge  of  U0P-R8  was  then  installed  in  the  tube  and  activated 
in  Na  for  2  rouro  at  1100*F. 

Series  10018-60  vas  a  brief  test  at  moderate  power  input  mode  to 
confirm  that  catalyst  activity  was  the  same  as  for  the  first  charge. 

In  order  to  provide  further  data  for  modification  of  the  mathematical 
model  the  next  tests  (Series  1001B-62)  were  made  at  a  lover  flow  rate,  0  - 
60,000  lb/(hr«ft2).  This  correepords  to  the  mass  flow  rate  used  for  a  number 
of  tests  previously  made  in  the  10-ft  reactor  sections.  During  this  series  a 
maximum  heat  flux  of  168,000  Btu/(hr*fta)  to  the  catalyst  section  vas  reached, 
resulting  in  an  initial  MCH  conversion  of  C6'i. 


The  final  test  series  (Series  10018-64)  was  designed  to  reach  the 
maximum  heat  flux  permitted  by  the  1000  ampere  power  supply  limitation, 
ca  590,000  Btu/(hr’fta).  Feed  at  ambient  temperature  was  used  for  these  runs 
and  power  was  increased  in  steps  as  usual,  until  at  a  heat  flux  cf  570,000  Btu/ 
(hr*fta)  a  rapid  rise  in  tube  wall  temperature  forced  shut-down.  Conversion 
was  V#  at  this  condition. 
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MCH  Feed  Rate:  155,000  lb/(hr  •  ft*) 
Inlet  Temperature:  902*  +  3rF 

O  Spot  Samples 

I — H  10  Min.  Composite  Samples 


1205*F 


1Q90*F 


Xb-i 

C>\ 


1000*F  Exit  Fluid  Temperature 


11 10*F 


1020*F 

I 


Time,  hours 
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DECLINE  IN  CATALYST  ACTIVITY  DURING  SERIES  10013-55 
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Seriea  55  and  64  were  each  terminated  when  a  runaway  temperature 
developed  after  a  step  increase  in  power.  The  sudden  increaso  in  temperature 
was  measured  by  the  tube  wall  thermocouple  located  1/2  in.  before  the  exit 
end  of  the  reactor.  Figures  51  and  }2  show  the  timo-temperature  data 
recorded  during  the  final  portions  of  the  two  series.  Tube  wall  temperatures 
at  21  in.  and  2J-1/2  in.  points  and  exit  fluid  temperatures  are  shown.  A 
rapid  temperature  rise  of  this  nature  occurred  during  previous  experiments 
on  the  10-ft  reactor  (Figures  58  and  59), at  which  time  catalyst  deactiva¬ 
tion  was  caused  by  increasing  the  temperature  of  MCH  feed  to  the  catalyst 
section  to  1100-11 50°F.  However,  sudden  catalyst  deactivation  was  obviously 
not  the  mechanism  involved  .in  the  present  problem,  since  the  exit  fluid 
temperature  did  not  follow  the  tube  wall  temperature,  which  would  have  been 
the  case  if  the  heat  sink  capacity  were  lOBt  due  to  a  sudden  decline  in 
conversion.  It  appeared  more  likely  that  the  increase  in  temperature  diffe¬ 
rence  between  tube  and  fluid  was  the  result  of  an  insulating  coke  layer  being 
deposited  on  the  tube  wall  and  a  consequent  decline  in  overall  heat  transfer 
coefficient.  This  was  substantiated  when  the  catalyst  charge  was  dumped 
following  Series  55-  "he  bulk  of  the  charge  poured  easily  from  the  tube  but 
it  was  necessary  to  rod  out  the  final  1/2  in.  to  1  in.  portion  of  the  bed. 
Examination  of  the  catalyst  particles  from  thi3  final  section  showed  a  coke 
sheet  adhering  to  one  tangent  of  Borne  of  the  beads.  A  photomicrograph 
(Figure  33)  of  a  recovered  particle  shows  the  coke  sheet  clearly.  The  broken 
catalyst  bead  was  probably  fractured  during  removal  from  the  reactor  tube. 

The  coke  film  in  the  picture  is  about  0.01  in.  thick.  No  generalized 
conclusions  can  be  drawn  from  this  single  case.  However,  for  the  system 
Involved,  rapid  coke  build-up  should  be  anticipated  in  any  region  where  tube 
wall  temperatures  of  1550*F  and  fluid  temperatures  of  1150°F  might  be 
encountered.  Whether  the  presence  of  the  catalyst  affects  these  temperatures 
will  be  checked  in  subsequent  runs. 

The  R0  catalyst  in  the  runs  in  the  2-ft  reactor  has  shown  much  more 
tendency  to  deactivate  than  it  did  in  the  runs  in  the  10-ft  reactor,  due 
probably  to  the  higher  heat  flux.  Work  under  our  catalyst  development  program 
has  provided  catalysts  of  greater  stability  (as  indicated  by  bench  scale 
tests)  than  the  Rfl.  Enough  of  one  of  those  (10280-115)  has  been  made  up  to 
carry  out  tests  in  the  2-ft  reactor.  This  will  be  done  in  the  subsequent 
period. 


Coolirg 
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A  program  has  been  initiated  to  provide  experimental  data  which  will 
yield  information  on  the  characteristic  behavior  of  hydrocarbon  fuels  under 
oonditlaia  of  very  high  heat  flux. 

Proposed  targets  for  this  investigation  are; 

1.  Heat  sink  in  the  region  of  600  Btu/lb  (from  latent  and  sensible 
heat  only). 

2.  Tube  wall  temperatures  of  Ij00-1400*F. 

3.  Heat  flux  in  the  region  of  7-8  x  10®  Btu/(hr-fta) . 
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Figure  31,  F55TR  -  MCH  OVER  UGP-R8  IN  2-Ft  REACTOR: 
EFFECT  OF  COKE  DEPOSITION  ON  TUBE  WALL  TEMPERATURE 
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4.  Tube  ID  between  1/4  In.  and  0.02  Jjn . 

The  major  objective  of  the  study  Is  the  experimental  verification 
of,  or  if  necessary,  modification  of,  heat  transfer  correlations  for  use 
under  these  extreme  conditions.  Also,  as  some  thermal  reaction  is  apt  to  be 
found  at  the  high  wall  temperature  levels,  the  possibility  of  coke  deposition 
cm  the  tube  walla  exists  and  the  effect  of  this  deposit  on  heat  transfer  as 
■well  ao  the  possibility  of  plugging  in  the  small  diameter  tubes  will  have  to 
be  investigated. 

0.277"  IP  x  2- ft  Long  Heat  Transfer  Section 

The  initial  effort  in  this  study,  using  MCH  as  the  teat  fluid,  was 
conducted  using  the  3/8  in.  OD  x  2-ft  long  heat  transfer  section  which  was 

made  in  thermocouple  placement  will  be 


have  been  completed  at  conditions  which 
as  possible  while  using  this  section.  The 


0.277  lr..  ID  x  2  ft  long 
600-900  pole 

241,000  lb/(hr*fta)  S  25OO  LSHV 
163,000  Btu/(hr*ft2) 

9’-5#F 

1350*F  (outside) 

1320 *F  (inside) 

In  none  of  these  tests  was  there  any  indication  of  change  of  heat  transfer 
coefficient  that  might  be  attributed  to  coke  deposition.  Data  from  these 
te6ts  Is  summarized  in  Table  49. 

In  the  original  design  this  tube  section  was  constructed  with  all 
tube  wall  thermocouples  opot  welded  to  the  bottom  of  the  horizontal  tube. 

Series  10018-71  va3  carried  out  without  any  change  in  this  configuration, 
therefore,  temperature  differences  between  top  and  bottom  surfaces  of  the  tube 
were  not  measured.  Difficulty  in  obtaining  heat  balances  during  these  tests 
led  to  relocation  of  the  exit  fluid  thermocouple  which  in  turn  gave  indication 
of  temperature  strata  existing  in  the  outlet  fluid  stream.  To  determine  the 
extent  of  this  temperature  variation  along  the  tube,  six  additional  wall 
thermocouples  were  added  to  the  reactor.  Five  of  the  new  couples  were 
located  on  top  of  the  tube  alternating  in  axial  position  with  the  original 
six  located  on  the  tube  bottom  and  one  was  positioned  on  the  side  of  the 
tube  16-1/2  in.  from  the  inlot  end.  A  sketch  of  the  tube  with  the  revised 
thermocouple  arrangement  Is  given  in  Figure  34. 

Series  10018-75  raid  78  were  thon  carried  out..  In  these  tests 
differences  of  up  to  300°F  between  top  and  bottom  outside  well  teraperaturep 
were  measured.  Temperature  profiles  lor  three  of  the  rune  which  were  made 
under  similar  conditions  except  for  feed  temperatures  are  shown  in  Figure  35. 

Data  from  the  1/2  in.  and  25-1/2  in.  locations  have  been  deleted  from  tliis 

I 

i 


described  previously.  Some  changes 

discussed  later. 

Test  Runs 

Three  series  of  test  runs 
met  as  many  of  the  proposed  targets 
range  of  variables  covered  was: 

Tube  Size; 

Pressure: 

Food  Rate: 

Max  Heat  Flux: 

Max  Bulk  Fluid  Temp: 

Max  Tube  Wall  Temp: 
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figure  as  tie  oe  temperatures  are  irfluenccd  by  the  proxi..dty  of  the  bua  bara. 
A  comparison  of  the  experimental  data  with  several  heat  transfer  correlations 
is  given  in  another  ooctlon  of  this  report. 

It  is  assumed  that  this  temperature  difference  is  duo  to  stratifica¬ 
tion  of  the  flowing  fluid  rather  than  being  the  result  of  non-uniformity  of 
the  vail  thlckncna.  A  section  of  the  tube  from  which  the  reactor  was  made 
wan  measured  and  u  variation  of  only  *  0.C01"  vac  found  in  the  nominal  0.049" 
wall  thickness.  When  time  1 c  available  this  reactor  will  be  operated  in  an 
inverted  position  to  see  If  the  hot  wall  will  remain  on  the  top  or  will  move 
to  the  bottom  with  the  tube  inversion. 

Heat  losses  from  the  uncompensated  2-ft  long  reactor  section  were 
determined  by  measuring  the  temperature  drop  of  a  heated  N2  atream  passing 
through  the  tube  in  fhe  same  manner  as  was  described  when  it  was  uoed  us  a 
catalytic  rcnctcr.  Figure  illustrates  the  meoourement  for  one  temperature 
level.  The  heat  losses  determine  '  over  the  entire  temperature  range  are  ehown 
In  Figure  28  along  with  the  data  obtained  uoing  the  reactor  packed  with 
catalyst*  Note  that  heat  loss  to  the  bus  bars  ("end"  lose)  is  nrjoh  less 
important  when  the  cat  ilynt  is  no  longer  present  to  promote  turbulence  and 
incroased  heat  transfer. 

Temperature  data  from  Sections  I  and  II  of  the  FSSTR  (3/8  in.  OD  x 
10-ft  long  tubes)  taken  during  lined-out  periods  of  operation  when  they  were 
being  used  as  preheaters  for  the  2-ft  section  are  listed  in  Table  ?4  in  the 
Appendix. 


0.0265"  ID  *  b"  and  4"  Heat  Transfer  flections 

A  test  set-up  designed  to  operate  at  higher  heat  flux  conditions 
than  was  possible  using  the  larger  reactor  sections  has  been  assembled  ana  a 
photograph  of  the  test,  stand  with  a  1/16"  OD  x  6"  long  heat  exchange  section 
ir.  place  io  shewn  in  Figure  37.  The  reactor  is  connected  into  the  FSSTR 
system  and  makes  use  of  the  feed  supply  and  pressure  control  system  of  that 
unit.  Power  for  resistance  heating  of  the  tuba  is  supplied  by  an  18  KVA 
variable  reactance  transformer.  The  discharge  end  of  the  reactor  is  grounded 
and  is  fixed  in  position  to  the  mounting  framework.  The  upstream  end  io 
supported  on  rails  by  e  movable  bracket,  and  a  pulley  and  weight  system  i3 
used  to  keep  a  constant  tension  on  the  tube,  moving  the  bracket  as  necessary 
along  the  rails  as  the  tube  expands. 

The  heat  exchange  sections  used  in  this  rig  have  all  been  constructed 
of  1/16"  CD  X  0.C18"  wall  type  316  S.S.  tube  (0.0265"  ID)  silver  soldered  to 
3/4"  diameter  copper  bus  brra.  Sketches  giving  dimensions  and  thermocouple 
locations  for  the  five  sections  used  to  the  present  time  are  given  in 
Figures  38  through  41. 

Fluid  temperatures  are  measured  in  the  expanded  end  fittings  before 
and  after  the  heat  exchange  section  as  shown  and  outside  tube  wall  tempera¬ 
tures  are  measured  by  thermocouples  which  are  spot  welded  to  the  tube.  The 
wall  thermocouple  leads  are  wrapped  at  least  one  full  turn  around  the  tube 
before  running  through  ceramic  insulation  tubes  to  a  junction  board.  The 
leads  are  insulated  from  direct  contact  with  the  tube  and  each  other  by  a 
layer  of  ceramic  cement.  The  rest  of  the  tube  has  been  covered  with  a 
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Figure  36.  FSSTP:  EXAMPLE  OF  HEAT  LOSS  MEASUREMENT  FROM 
2-FT  LONG  HEAT  TRANSFER  SECTION 
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Tubes  '/i^"  OD  x  0.0!8"  Wall  Type  315  SS  Tube  lOj^"  Long  Overall) 
Thermocouples:  Fluid  -  Vid**  OD  inconel  Sheathed  Chromel-Alumel 
Wall  -  0.005"  Chromel-Alumel  Spot  Welded 

Scale:  None 

Figure  38.  FSSTR  -  MINIATURE  t  .EAT  TRANSFER  SECTION; 

REACTOR  NO  '  10018-8;  "  ~ 
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Tuba:  '/h  OD  x  0.018*  Wall  Type  316  SS  ('/um  Tub*  9^*  long  Overall) 
Tltermocouplw:  Fluid  -  Vj4*  OD  Inconel  Sheathed  Chromel-Alumel 
Wall  -  0.005*  Chromei-Alumcl  Spot  Welded 

Scale:  Non# 


Figure  39.  FSSTR  -  MINIATURE  HEAT  TRANSFER  SECTION: 
FACTOR  NO.  10018-97 
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FSSTR  -  MINIATURE  HEAT  TRANSFER  SECTION: 
REACTOR  NO's.  10018-103  and  110 
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Figure  41.  FSSTR  -  MINIATURE  HEAT  TRANSFER  SECTION; 
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almllar  layer  of  cement  to  make  heat,  looses  more  uniform.  Except  for  runs 
using  the  first  tube  (Reactor  1OO10-V2)  the  teats  have  been  conducted  with 
ceramic  fiber  and  magnesia  block  insulation  covering  the  tube  and  end 
fittings* 


As  illustrated  in  Figure  ;8  all  of  the  thermocouple  Junctions  were 
spot  welded  to  the  3ide  of  the  "tube  when  the  first  miniatuie  section  was 
constructed,  Th»  second  (Rcuctor  10018-9?)  and  subsequent  tubeB  were  fabri¬ 
cated  with  alternate  couples  located  on  top  and  bottom  of  the  horisontal 
tubes  (Figures  39  through  41).  This  was  done  as  tests  in  the  J/8  in.  ODx 
2  ft  reactor  repe -ted  above  had  shown  largo  temperature  dlfferencea  existing 
between  top  and  bottom  of  that  tube  and  it  was  desired  to  determine  if  a 
similar  effect  could  bo  found  in  the  present  small  diameter  tubes.  Data 
obtained  using  the  second  miniature  reactor  (10018-9?)  clearly  showed  that 
there  was  Indeed  a  systematic  difference  between  top  and  bottom  wall  tempera¬ 
tures.  Figure  42  illustrates  this  difference  for  a  typical  run  using  water 
feed,  where  the  bottom  of  the  tube  was  some  20-30°F  hotter  than  the  top. 
Unfortunately,  this  tube  failed  before  further  tests  could  bo  made. 

The  first  tests  made  using  the  third  miniature  reactor  (Reactor 
10018-103)  sketched  in  Figure  40  were  made  only  to  clarify  these  temperature 
differences.  Runs  were  made  under  similar  conditions,  first  with  the  tube  in 
its  normal  position  and  then  inverted.  Figure  L3  shows  the  results  of  one 
pair  of  tests.  Contrary  to  the  results  from  Reactor  IOGI8-97,  in  this  case 
the  top  aide  of  the  tube  was  hot  v»hen  in  its  normal  position.  On  inverting 
the  tube  the  hot  side  moved  to  the  bottom.  This  Indication  of  nonun  if  oradty 
in  the  tube  led  to  further  examination  of  the  recovered  portion  of  Reactor 
10018-97.  The  tube  was  sectioned  at  three  location#  (1/2,  3,  and  5  in.  from 
the  inlet  end)  and  wall  thicknesses  were  measured  using  a  microscope  equipped 
with  a  micrometer  eyepiece.  At  these  three  locations  the  bottom  wall  was 
thicker  than  the  top  by  0.0021,  0.0015,  and  0.006  in.,  respectively.  Nominal 
wall  thickneas  for  thin  tube  was  0.018  inch.  Since  more  heat  will  be  gene¬ 
rated  in  the  heavier  wall  side  this  explains  the  observed  temperature 
difference. 

For  calculation  purposes  the  top  and  bottom  wall  temperature#  were 
smoothed  as  shown  in  Figure  42,  wherever  possible,  and  a  uniform  wall  thick¬ 
ness  was  assumed.  For  Series  10018-90  and  94  this  could  not  be  done  as  the 
thermocouples  were  ail  mounted  in  a  single  row  on  the  side  of  the  tube. 

The  result#  for  these  tests,  therefore,  are  subject  to  the  uncertainty  of  not 
knowing  if  the  thermocouples  were  located  where  a  high,  low,  or  average  wall 
temperature  existed. 

Heat  losses  from  the  miniature  heat  transfer  section#  were  determined 
a#  follows.  Loss  from  the  tube  wall  was  found  by  applying  a  small  amount  of 
power  to  the  section  with  no  fluid  flowing.  Temperatures  were  allowed  to 
equilibrate  and  temperature  and  power  data  wore  recorded.  While  the  tube  wall 
temperature  fell  off  at  either  end  of  the  section  due  to  heat  loss  to  the  bus 
bars,  the  profile  was  flat  enough  over  the  central  portion  of  the  tube  that 
end  losses  could  be  neglected  and  power  input  was,  therefore,  a  direct  measure 
of  tubs  wall  heat  I0S3  at  the  temperature  of  that  point.  This  procedure  vas 
followed  with  the  tube  insulated  as  was  the  normal  practice  when  making  test 
runs  and  also  uninsulated  to  duplicate  the  conditions  for  the  initial  test# 
using  Reactor  10018-82.  Loss  to  the  buc  bars  and  end  fitting#  was  found  by 
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passing  ft  hoilod  Iced  stream  through  the  tube,  iiwasuring  the  temperature  drop 
and  calculating  the  overall  heat  loos.  The  portion  of  the  loaa  which  was 
directly  from  the  tube  wall  was  determined  from  the  wall  temperature  and  was 
subtracted  from  the  total  to  give  the  lose  to  the  two  buo  bara  and  end 
fittings.  This  end  loss  depends  on  heat  transfer  between  the  flowing  fluid  end 
the  passage  through  the  bus  bar  and  will  therefore  change  with  flow  rate  ns 
veil  as  with  temporeture  of  the  fluid.  Heat  loaa  measurements  were  therefore 
made  with  all  fluids  used  in  the  test  runs  and  at  several  different  flow  rates. 

Figure  44  gives  the  heat  loss  for  the  tube  wall  va.  outside  wall 
temperature  and  Figure  45  gives  the  loea  to  the  bus  bara  aa  functions  of  fluid 
flow  rate  and  temperature. 

Teat  Runs 


Taole  50  presents  a  brief  survey  of  the  operating  conditions  for 
which  heat  transi'er  data  have  been  obtained  using  the  miniature  reactor 
sections.  Tabulated  for  each  test  run  are  the  fluid  flow  rate,  inlet  and  out¬ 
let  fluid  temperature  and  pressure,  heat  flux  and  maximum  inside  tube  wall 
temperature.  Time  at  temperature  is  included  for  the  tests  using  MCH  feed 
where  pogslblc  deposit  formation  is  of  interest. 

Two  series  of  tests  were  conducted  using  MCH  as  feed  in  Reactor 
10010-02.  The  first  series  (IOOI8-9O)  was  terminated  when,  at  a  heat  flxix  of 
ca  3,500,000  Btu/(hr-fta),  flow  and  pressure  surging  became  so  severe  that 
operation  could  not  continue.  Following  this  test  the  system  was  modified  so 
that  the  product  would  be  cooled  and  condensed  before  reaching  the  pressure 
control  valve.  The  second  test  series  (10018-94)  was  made  at  a  higher  MCH 
feed  rate  and  reached  a  maximum  heat  flux  of  ca  4,000,000  Rtu/(hr«ft2) 
without  any  difficulty.  At  this  point,  however,  with  outlet  pressure  of  530 
psig,  bulk  fluid  temperature  of  539°F  and  maximum  inside  wall  temperature 
ca  670 'F,  the  tube  plugged  as  a  further  increase  in  power  was  made.  The  plug 
was  removed  by  forcing  a  wire  through  the  tube;  however,  several  of  the  tube 
wall  thermocouples  were  damaged  and  a  new  tube  was  constructed  before  testing 
was  resumed.  At  this  point  it  was  decided  to  interrupt  the  MCH  tests  and 
continue  operations  using  and  water  so  heat  transfer  data  could  be  taken 
at  high  he^t  flux  without  the  added  complications  of  reactor  plugging. 

Two  series  of  tests  (10018-98  and  101)  were  made  using  Reactor 
10018-97.  The  first  series,  using  Na  at  a  feed  rate  of  6.4  lb/hr,  was  limited 
to  a  maximum  heat  flux  of  ca  500,000  Btu^hr^fu2)  when  wall  temperature 
reached  >  1500 5F.  In  the  second  series  (10018-101)  water  was  used  as  the 
feed.  Thin  teat  terminated  when  the  tube  burned  out  us  the  heat  flux  was 
raised  above  6,000,000  Btu/(hr*fta). 

The  third  tube  (Reactor  10018-10J)  burned  out  during  its  first 
teat  series  when  the  power  level  was  increased  beyond  a  heat  flux  of  1,500,000 
Btu/(hr*ft2).  Note  that  the  outlet  pressure  was  essentially  atmospheric 
during  this  teat.  This  reduced  the  boiling  point  and  caused  a  lower  bum-out 
heat  flux. 

less  severe  conditions  were  then  selected  and  the  next  tube  (Reactor 
10018-110)  was  used  to  obtain  data  while  transferring  heat  to  boiling  water 
(Series  10018-116)  and  to  superheated  steam  (Series  IOOI8-II9). 
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ire  44.  FSSTR  -  TUBE  HEAT  LOSS  FROM  MINIATURE  HEAT  TRANSFER  SECTIONS 


End  Heel  Loss  (Each  End) ,  Bhj/br 


Figure  45.  FSSTR  -  ENJ  FITTING  HEAT  LOSS  FROM  MINIATURE 
HEAT  TRANSFER  SECTIONS 
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The  desired  maximum  8,000,000  Btu/(hr?ftfi)  heat  flux  required  the 
construction  of  a  4  inch  long  heat  exchange  emotion  (Reactor  10018-122)  ao 
that  9  higher  feed  rate  could  be  used  arid  a  bu«n-out  heat  flux  would  not  be 
reached.  A  maximum  heut  flux  of  8,450,000  was  attained  in  Series  10018-166 
using  this  short  section. 

Testa  with  MCH  vere  then  resumed  using  Reactor  10018-110.  Five 
aeries  of  runs  were  made  at  various  flow  rates  as  shown,  with  the  power  input 
being  limited  in  u»st  cases  when  a  very  sharp  pressure  drop  increase  accompa¬ 
nied  the  final  power  increase.  For  the  final  tost  using  MCH  the  k  inch  long 
reactor  was  reinstalled  and  used  In  Series  1001B-133  to  reach  a  heat  flux  of 
8,160,000  Btu/(hr*ft2) . 

More  complete  tabulations  cf  the  data  from  all  of  the  testa  made 
to  date  using  the  miniature  heat  transfer  sections  aie  given  in  Tables  ?S 
through  88  in  the  Appendix.  Flow,  fluid  and  tube  wall  temperatures,  and 
pressure  readings  obtained  during  the  tests  are  recorded  as  veil  as  smoothed 
outside  and  calculated  inside  wall  temperatures.  Heat  input  values  in  those 
tables  have  been  corrected  for  losses  along  the  tube  but  no  correction  has 
been  made  for  heat  loss  to  the  bus  bars.  This  will  have  to  be  considered  if 
it  is  necessary  to  make  an  overall  heat  oalance  as  the  outlet  temneraturec 
are  low  as  a  result  of  tnese  losses. 

Analysis  of  these  results  and  comparison  with  several  heat  transfer 
correlations  is  in  progress  and  will  be  discussed  in  another  section  of  this 
report. 


While  Series  9^  was  terminated  when  the  reactor  plugged  there 
has  been  no  evidence  of  coke  formation  during  any  of  the  other  testa  using 
MCH.  It  teems  possible,  therefore,  that  the  plug  was  not  the  result  of 
normal  operation  at  the  conditions  of  the  run  but  was  formed  when  a  pressure 
and/or  flow  upset,  perhaps  caused  by  a  too  abrupt  power  increase,  aecreased 
the  fluid  flow  rate  momentarily. 

The  high  fluid  and  tube  wall  temperature  conditions  which  vould 
produce  coking  have  been  avoided  in  these  tests  so  that  heat  transfer  data 
could  be  accumulated  in  the  region  of  -^ration  not  subject  to  coking.  When 
this  heat  transfer  data  is  complete  temperature  levels  will  be  raised  until 
coke  formation  la  an  important  factor.  It  is  expected  that,  with  these  small 
tubes  and  high  heat;  fluxes,  even  a  thin  coke  deposit  will  have  a  considerable 
effect  on  heat  transfer  coefficient  and  the  tube  wall  temperature  wixl 
increase  rapidly  when  a  coko  build-up  commences.  The  possibility  of  tube 
failure,  during  these  testa,  is  to  be  expected.  A  further  complication  will 
bo  the  neceoaity  for  removal  of  any  coke  deposit  between  test  runs. 

Decalin,  SHELIXiVWE  Jet  fuel  F-71,  and  possibly  methane  are 
expected  to  be  tested  as  this  cooling  program  continues. 
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Inside  Tube  Wall  Temps rature  Calculations^ 

Inside  tube  wall  temperatures  (T^)  were  calculated  from  the 
measured  outside  wall  temperatures  (T^)  by1  the  following  procedure; 

The  equation  for  temperature  drop  across  a  cylindrical  wall 
with  heat  being  generated  uniformly  throughout  the  vail  and  being  transferred 
both  to  a  fluid  stream  on  the  inside  and  lost  to  the  surroundings  on  the 
outer  surface  Js; 


For  the  0.0625  in.  CD  x  0.0265  in.  ID  tubes  used  the  above  equation  reduces 
to; 

(q  A*)  (qLAi) 

=  ^"(1659)'  '  5710557  (Ta) 

or 

ATW  =  (3.561)  -  &  (1.633)  (Tb) 

where  q  a  i^r  (3.UI5)  Btu/hr 

Ai  -  0.COO57SO  ft*/inch  tube  length. 

Resistance  and  thermal  conductivity  of  type  316  3.S.  vary  with 
temperature  as  shown  in  Figure  46.  Resistance  values  for  the  tubes  used  were 
determined  by  measuring  resistance  at  ambient  temperature  and  correcting  for 
temperature  variation  by  applying  ratios  of  resistance  between  ambient  and 
elevated  average  wall  temperatures  obtained  from.  Figure  16.  The  following 
equations  show  the  resulting  resistance  and  thermal  conductivity  tor  a 
typical  tube  with  resistance  equal  to  0.012o  ohm/inch  of  le,.gth  at  68 °F. 

a)  Symbols  used  in  this  section  are  as  follows; 

A  tube  surface  area,  fts/unit  length;  A^  inside,  Ao  outside 
h  heat  transfer  coefficient,  stu/(hr-ft2' °F) 

I  current,  amperes 

Ky  thermal  conductivity  of  tube  material,  Btu/(hr*ft* °F) 
q  heat  generated  in  wall,  Btu/hr 
qL  heat  lost  to  air,  Btu/hr 
R  tube  radius,  ft;  inside,  Rq  outside 
r  tube  resistance,  ohm/unit  lengtn 

T  temperature,  °F;  *  inside  wall,  =  outside  wall,  TyA  = 

average  wall,  =  bulk  fluid,  -  Tyj. 
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r  *  0.01156(1  +  0.0005597  Twa) 


r  *  0.012j4(l  +  O.OOO3729  Twa) 
ky  -  7.35(1  +  0.0006248  Twa) 


From  0-400*F, 

From  400-1500  °F, 

From  0-15004F, 

On  substituting  these  expressions  In  Equation  (?«) 
From  0-400  ■'F, 

(1  +  0.0005597  T. ) 


OIy  »  I*(0.005616) 


_ 1WA_  (0.2235) 

(1  +  o.ooo6c48"r  ‘  qL  (I  +  o.ooo6248TwaT 


(8a) 

(8b) 

(9) 


(10a) 


From  400-l500°F, 

ATW  -  Ia(0.005995) 


(1  +  0.0003729  twa) 

(i~  +  o7ooou24a  twa) 


1lTT 


(0.2235) 

+  0.0000248  X. 


WV 


(10b) 


These  equations  were  solved  for  AXy  as  follows: 

A  parabolic  temperature  gradient  through  the  wall  was  assumed  such 

that 

tva  =  Two  -  °-555 

Making  this  substitution  Into  the  first  term  of  Equation  (10a)  or  (lO’o)  and 
using  the  measured  values  of  I  and  an  approximate  value  for  &Ty  was 
obtained  which  in  turn  gave  a  close  approximation  of  TWA<  The  heat  loss 
correction  to  ATy  was  then  deternr.ncd  by  using  this  approximate  value  of  TWA 
along  with  the  value  of  q,  from  Figure  44  in  the  second  (heat  loss)  term 
of  Equations  (10a)  or  (10b).  Since  this  correction  to  £Ty  was  very  small 
(2®F  or  less)  which  resulted  in  <  1“F  change  in  the  original  approximation 
of  T yA  It  was  not  necessary  to  repeat  the  calculation  with  modified  TWA  values. 

Heal,  flux  and  total  heat  to  the  fluid  at  intermediate  points  along 
the  tube  were  determined  as  follows : 

actual  heat  flux  to  the  fluid  is  (q/A.)  -  (qg/Aj)*  Heat  generated 
in  the  tube  per  unit  length  (q)  can  be  determined  using  tht  measured  current 
(I)  and  the  approximate  resistance  (r)  from  Equation  (8a)  or  (8b)  evaluated 
at  the  average  tube  wall  temperature  at  that  point  (7, ,.) .  For  these  tubes 
the  Inside  surface  area  per  unit  length  (A«)  la  O.OOO5730  ft2/inch  of  tube 
length.  Total  heat  transferred  to  the  fluid  up  to  any  point,  along  the  tube 
was  determined  simply  by  averaging  the  heat  flux  up  to  that  point  and 
multiplying  this  average  by  the  inside  surface  area  up  to  that  point. 
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Modal  of  a  Packed  B^d  Reactor 

Influence  of  Physical  Properties 

la  the  packed  bed  reactor  program,  physical  properties  for  MCH 
dohyd ’ogenation  ( compressibility  factor,  thermal  conductivity  and  viecoaity) 
vere  changed  to  improved  values,  Theco  vere  then  varied  eeparatoly  to 
determine  the  sensitivity  of  calculated  results  to  a  change  in  each  property. 
Values  of  the  properties  and  the  results  arc  shown  in  Table  13  along  with 
corresponding  experimental  measure .  The  properties  for  Case  A  vere 
determined  at  an  average  pressure  and  Temperature  for  the  experimental  runs. 
The  compressibility  factor  in  Case  3  J.e  in  the  range  of  lov  MCH  conversion. 
Huvovor,  It  increases  vapidly  with  in  '.reaaiug  conversion  and  is  approxi¬ 
mately  1.0  at  moderate  end  high  conversions.  Hence,  1.0  is  a  reasonable 
value  in  most  calculations.  The  thermal  conductivity  in  Case  C  and  the 
vlaooslty  In  Case  D  were  determined  at  the  highest  pressure  and  ten^pera  iure 
encountered  In  the  experiments. 


Variations  in  the  thermal  conductivity  and  the  viscosity  had 
negligible  effeot  on  the  calculated  results.  A  change  in  the  compressibility 
factor  had  some  effect  on  the  outlet  temperature  and  conversion;  however, 
the  changes  are  comparable  to  differences  between  the  calculated  and  experi¬ 
mental  results.  Hie  only  significant  charge  in  the  results  is  the  incroase 
in  outlet  pressure  due  to  a  decrease  in  the  compressibility  factor.  For  the 
four  runs  shown,  the  ratio  of  the  pressure  drop  for  Case  B  to  that  for  Case 
A  la  approximately  0.8,  slightly  less  than  the  ratio  of  the  compressibility 
factors  for  the  two  cases.  In  general,  the  agreement  between  calculated  and 
experimental  results  is  good  for  a  compressibility  factor  close  to  1.0,  which 
is  to  be  expected  since  it  rises  rapidly  to  1.0  as  MCH  reacts. 


The  above  results  show  that  the  use  of  constant  properties  in  the 
packed  bed  reactor  program  is  Justified,  since  the  sensitivity  of  these 
results  to  property  changes  in  a  ninglo  phase  is  small. 

Reaction  Kinetics  for  MCH  Dehydrogenation 
Kinetic  paraneterc  From  FSSTR  Data 

Farther  calculations  with  the  packed  oeo  reactor  program  have 
improved  the  values  of  kinetio  parameters  for  h'H  dehydrogenation.  The 
kinetic  model  for  hCH  dehydrogenation  ia  similar  to  the  desorption-controlling 
model  proposed  by  Slnfeit  ot  al,  53'and  ia  the  came  as  rate  expressions  used 
in  a  previous  report:18) 


rMCH 


(l-c)k1kacMCH  ^  ^  PT0L?Hg3 
1  +  kzCMCH  ^/eq 


(ID 


where  r^jj  -  rate  of  MCH  dehydrogenation 
c  ■  void  fraction 

*i  ■  Ai  exp(Bi/RT) 
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Table  51 .  EFFECT  OF  CHANGES  IN  PHYSICAL  PROPERTIES 
ON  HCn  DEHYDRCGENAflON 


Run  Number 

143- 

1540 

193- 

1420 

5- 

1620 

50- 

1310 

0,  lb/ft2-hr 

Sc400 

36000 

33200 

154100 

To,  #F 

1030 

894 

900 

900 

Po,  PCig  „ 

0?O 

407 

903 

885 

q,  Btu/ftz-hr 

27500 

13300 

24100 

35900 

J  ■  ■ 

Cutlet  Temperature, 

•F 

Experiment 

10O? 

6Q2 

838 

745 

Calculation, 

Case 

A 

1005 

637 

033 

755 

B 

935 

707 

836 

755 

C 

1005 

697 

833 

755 

D 

1005 

697 

833 

75  6 

Outlet  Pressure,  pcig 

Experiment 

m 

213 

790 

671 

Calculation, 

Case 

• 

4* 

473 

230 

792 

668 

3 

57  2 

291 

013 

710 

C 

478 

230 

•732 

668 

D 

473 

_ 

229 

792 

668 

f!CH  Conversion, 

JErperimont 

34 

44 

62 

21.3 

Calculation, 

Case 

94.4 

44.. 1 

64.4 

20.1 

B 

95.5 

43.5 

64.3 

20.2 

C 

94.4 

44.1 

64.4 

20.1 

D 

94.4 

44.1 

64.4 

20.1 

Properties 

Caeo 

k, 

M, 

z 

Btu/ft-hr-’F 

lb/ft-hr 

A 

0.0543 

o.o4n 

B 

0.0543 

0.0417 

C 

C.o417 

MEM 

0.0543  ! 

0.0480 

-  153  - 


r  *?• 


y  .«*-•  f'!Jf  &&&&%&  .•*  nMn.-ii  *  «*-,a 


».  L*  '  >■ ■»••  iM^an/fir •*•  -  a 


Arm-TR-67-114 

Part  II 


^2 

Ai,A2 

B4 

B2 

K 

T 


i4CH 

p 

TOL 


MCH 


eq 


A3 

B3 


-  Ka  exp(Ba/nT) 

*  pro-exponential  factors 

«  activation  or.org y  for  toluene  desorption 
■  energy  of  reaction  for  MCH  to  adsorbed  toluene 
«  universal  gas  constant 
o  absolute  temperature 

*  concentration  of  MCH 

•»  partial  preunuro  of  toluene 
••  partial  pressure  of  hydrogen 

*  partial  pressure  of  MCH 

-  A3  exp  (B3/RT) 

»  4.0  x  1020  atm2 

-  -92,500  Ftu/lb  mole 


The  latest  calculations  utilized  experimental  results  which  were  obtained  on  a 
2-ft  section  in  the  FSSTR  and  vrero  not  previously  available,,  along  with  earlier 
data  obtained  on  10  ft  sections  in  the  FSSTR.  Data  and  results  for  selected 
runs  are  shown  in  Tablo  52.  Reasonable  agreement  between  calculation  and 
experimant  was  obtained  by  varying  one  of  the  kinetic  parameters,  Aj.,  from 
the  value  used  in  previous  calculations. 

Tlie  improved  klnetio  parameters  are 

Ai  -  1.2  x  10X3  lb  mole/ft3-hr 

Aa  «  4.5  x  10“°  ft3/lb  mole 

Bi  »  -59*000  Btu/lb  mole 

Ba  ■  54,000  Btu/lb  mole 

The  values  of  Bi  and  Ba  are  approximately  the  same  as  those  determined  by 
SLnfolt,  but  Aa  has  a  much  larger  value,  which  is  indicative  of  a  more  active 
catalyst . 


Better  agreement  between  calculation  and  experiment  also  resulted 
when  the  more  accurate  reactor  lengths  shown  in  Table  52  were  used  instead  of 
the  approximate  values  of  2  and  10  feet. 

Figures  kj  and  46  show  calculated  and  experimental  results  for  two 
MCH  dehydrogenation  runs  in  the  2-ft  section  of  the  FSSTR.  The  agreement  is 
good  for  the  outlet  pressure  and  conversions.  There  is  some  disagreement 
between  the  calculated  and  experimental  temperature  profiles.  This  may  be 
due  to  different  values  of  the  heat  transfer  coefficient  in  the  calculations 
and  the  experiment.  In  the  calculations,  the  heat  transfer  coefficient  is 
constant  and  yields  an  almost  constant  temperature  difference  between  the 
fluid  and  the  wall.  In  the  real  case,  the  numbor  of  moles  of  gas  increases. 
Hence,  the  linear  velocity  and  the  heat  transfer  coefficient  increase, 
causing  the  temperature  difference  between  the  fluid  and  the  wall  to  decrease, 
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as  Indicated  by  the  decreasing  difference  between  the  curve  for  the  fluid 
temperature  and  the  experimental  points  for  the  wall  temperature. 

Kinetic  Parameters  From  Dench-Scale  Data 

In  order  to  determine  the  feasibility  of  using  bench-scale  data  to 
calculate  kinetic  parameters  for  Dccaiin  dehydrogenation,  data  obtained  on  the 
bench-scale  reactor  have  been  used  to  determine  the  kinetic  parameters  fo: 

MCH  de'^drogenatlon  for  comparison  with  the  results  calculated  from  the  FSSTR 
data.  The  bench-scale  data  were  evaluated  for  u  desorption-controlling 
kinetic  model  by  a  nonlinear  estimation  techniq"e. 

The  kinetic  model  is  a  simplified  version  of  Equation  (ll).  Since 
equilibrium  was  not  important  in  any  bench-scale  runs,  the  binomial  factor 
was  dropped  and  Equation  (ll)  reduced  to 

d"t)klksCMCH 

rMCH  *  '  1  +"SacMC'H 

The  model  was  developed  for  an  integral  reactor,  since  high  conversions 
occurred  on  several  rune.  Isothermal  conditions  were  assumed  to  simplify  the 
integration.  Steady-state  conditions  were  assumed  for  the  continuity  equation; 

V'^MCH  =  rMCH  (13) 

where  -  molar  flux  of  MCH. 

The  MCH  flux  is  assumed  to  be  due  entirely  to  convection  in  the  axial 
direction.’  Hence 

d(c  va) 

MCH  •*  *=  mi, \ 


where  v2  «  average  velocity  in  axial  direction 
z  m  axial  distance. 


The  MCH  concentration  is  related  to  the  molar  concentration  of  the  gas  by  the 
reaction  stoichiometry; 


CM3H  "  c 


(rffe) 


where  c  *  molar  concentration  of  the  gas 

g  »  fractional  conversion  for  dehydrogenation  of  pure  MCH. 


The  stoichiometry  of  the  reaction  also  relates  the  average  velocity  at  any 
time  to  the  initial  velocity.  The  compressibility  factor  is  assumed  to  be 
unity,  vhich  is  valid  for  moderate  and  high  conversions  and  reasonable  for  low 
conversions.  Hence 


-  158 


mPL-TR~67-U4 
Part  II 

where  vzo  =  initial  average  velocity. 

Mao 


(17) 


where  P  =  absolute  pressure. 


By  substitution  of  Equations  (12),  (15),  and  (16)  the  continuity  equation  la 
transformed  to 


cv 


zo  ilZ 


._fl-e)k1k2c(l  -g) 

1  +  Jg  +  kac(l  -  g) 


(13) 


Integration  Along  the  axial  direction  from  z  =  0  yields 


(l-e)kLk?z 

vzo 


3  +  ,-4-g)  dg 


&:.U*l*g2  „  (k2o  -  3)g  -  U  ln(l  -  g) 
vzo 


(19) 


Tntrcd’'ction  of  the  mass  flux  for  the  initial  velocity,  reactor  volume  for 
axial  distance,  and  Equation  (17)  for  concentration  yields 

“  (If1  “  ’)g  -  «»ln(l  -  g)  (20) 

where  V  *=  volume  of  tubular  reactor 
Mo  «  molecular  weight  of  feed 
0  =  mass  flux 

A  *  cross-sectional  area  of  tubular  reactor. 

Equation  (20)  relates  the  reactor  volume  to  the  MCH  conversion  for  given 
values  of  the  mass  flux,  pressure,  and  temperature. 

The  kinetic  parameters  in  the  rate  equation  were  determined  by 
nonlinear  estimation  after  rearrangement  of  Equation  (16)  to 

v  -  ‘5=  -  m<i  -  6))}  (si) 

The  reactor  volume  was  taken  as  the  response  function  with  mass  flux,  pressure, 
temperature,  and  conversion  as  independent  variables.  The  error  sum  of  squares 
for  the  reactor  volume  was  minimized  to  yield  the  following  kinetic  parameters: 

Aa  -  1.8  x  1011  lb-molo/ft3-hr 
Aj>  -  3.6  x  1CT4  ft3/lb-n»le 
Bi  «*  -U3300  Btu/lb-mole 
B2  -  31700  Btu/lb-raole 
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Attempts  to  evaluate  a  confidence  region  fo'-  the  parameters  were  unsuccessful. 
These  parameters  are  significantly  different  from  those  in  the  previous 
section.  Bi  and  Ba  ere  losi.,  and  since  the:  i  are  exponents  Ai  and  A*  are 
quite  different. 

Comparison  of  Results 

MCH  dehydrogenation  rates  were  detorr.tired  for  kinetic  data  from  two 
different  sources  aid  are  shown  in  Table  53.  Rates  DaC“d  on  data  from  the 
bench-scale  reactor  and  FSSTR  are  generally  similar  although  the  former  data 
predict  slightly  higher  rates.  However,  these  rates  are  10  to  100  times 
faster  than  the  corresponding  rates  baaed  on  Sinfelt's  work.  Rates  predicted 
from  Sinfelt's  data  are  questionable  at  8008K,  since  these  were  determined  by 
extrapolation  from  data  at  588-6458K. 

Tabls  33.  PEHYPROOmTIOH  RATES  FOR  PURE  hCH 


Reaction  Rate,  g -mole/hr -g  Catalyst 


Source 
Kinetic  Data 

6oo’K 

(620*F) 

700*K 

(0OO8F) 

600*K 

(980*F) 

20  atm 

50  atm 

20  atm 

50  atm 

20  atm 

50  atm 

Bench-Scale 

Reactor 

0.29 

O.JO 

5.5 

6.7 

27. 

47. 

FSSTR 

0.16 

0.16 

5.6 

6.0 

18. 

39. 

Sinfelt 
et  alr) 

0.017 

0.019 

0.23 

(0.36) 

(0.39) 

The  kinetic  parameters  determined  from  bench-scale  data  were  used  in 
the  packed-bed  reactor  program.  The  conditions  shown  in  Table  5U  for  various 
experimental  runs  were  used  as  data  for  the  calculations.  TEe  predicted 
results  are  compared  with  experimental  measurements  in  Tables  3?  to  57.  The 
calculated  conversions  In  Table  ?5  are  slightly  higher  than  the  experimental 
conversions.  In  Tables  36  and  37  most  of  predicted  and  experimental  conver¬ 
sions  agree  with  each  other.  Outlet  temperatures  for  each  run  show  the  sane 
degree  of  agreement  as  the  conversions,  since  energy  balances  on  the  reacting 
fluid  were  used  to  determine  the  heat  fluxes. 

Figures  U9  and  30  show  calculated  and  experimental  results  for  MCH 
dehydrogenation  in  the  2-ft  section  of  the  FSSTR.  These  are  the  same  runs 
as  shown  In  Figures  4?  and  hS.  The  agreement  is  good  for  fluid  temperature, 
pressure,  and  conversion.  There  is  some  diaagree.nent  between  the  calculated 
ard  experimental  wall  temperature  with  the  greatejt  difference  being 
approximately  30*F  near  the  reactor  inlet.  Other  runs  in  the  2-ft  reactor 
hod  good  agreement  except  for  Runs  50-1630  and  60-1336.  The  difference 
between  the  calculated  and  observed  results  in  tho  former  run  is  due  to 
significant  catalyst  deactivation.  However  no  apparent  cause  accounts  for 
the  disagreement  in  Run  6O-I336. 
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Table  54.  __ DATA  FOR  THK  PACKED  BF.D  PROGRAM  PREDICTIONS  OF 
MCU  PKH Y DKOCi KM  AT  1  Of)  HUNS 


Run  Hu. 

Moss  Flux 
of  Fluid, 
lb/ftc-hr 

Heat  Flux 
to  Fluid, 
Btu/fta-hr 

Inlet 

Pressure, 

peig 

Inlet 

Temp, 

*F 

Catalyst  Bed  Dimensions:  0.277~in*  D  x  9«6l-ft  L 

120-1400 

59/500 

33,800 

890 

925 

123-1505 

71,700 

38,200 

887 

955 

144-1330 

37,600 

0 

626 

782 

lUU-lUjO 

57,500 

9,600 

630 

790 

144-1530 

37,500 

21,500 

633 

788 

11*4-1640 

37,500 

19,100 

434 

786 

146-131*0 

36,700 

11,200 

430 

797 

146-1500 

35,800 

7,300 

890 

801 

146-1620 

3%  800 

19,700 

891 

793 

143-1320 

60,400 

28,600 

886 

935 

148-1540 

60,400 

27,900 

890 

1090 

Catalyst  Bed  Dimensions:  0.652-in.  D  x  9.55-f"t  L 


198-1300 

35,500 

15,100 

911 

695 

198-1420 

36,800 

13,400 

487 

894 

5-1200 

17,200 

12,400 

901 

898 

5-1320 

17,200 

23,900 

903 

900 

5-1620 

33,200 

21,400 

903 

900 

9-1300 

36,700 

35,700 

886 

904 

9-i4oo 

*6,700 

- - - 

52,200 

886 

905 

Catalyst  Bed  Dimensions:  0.277-in,  D  x  2.04-ft  L 


50-1210 

154,100 

-5,000 

885 

999 

50-1310 

154,100 

37,000 

885 

900 

50-1400 

154,100 

83,000 

885 

891 

30-1430 

154,100 

139,500 

885 

893 

50-1510 

154,100 

202,400 

885 

902 

50-1540 

154,100 

253,700 

885 

908 

50-1610 

154,100 

306,200 

885 

910 

50-1630 

154,100 

338,100 

885 

899 

60-1300 

154,100 

-5,000 

894 

900 

6O-I336 

154,100 

267,300 

892 

903 

62-1130 

60,000 

-3,4CO 

892 

902 

62-1300 

60,000 

28,  OOO 

891 

901 

62-1400 

60,000 

115,100 

894 

901 

62-1419 

60,000 

152,600 

889 

895 

62-1650 

60,000 

*  _ 

30,200 

891 

898 
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Table  55.  EXPERIMENTAL  AMP  PREDICTED  RESULTS  FOR 
MCli  L'KHYDKOOEKATI ON  IN  THE  FSSTK 
To.2Y7“IN,  D  x"9.a.t-lT~L7 


Run  No, 

Conv., 

* 

Outlet 

Pressure, 

pci« 

— 

Outlet 

Temp, 

*F 

Centerline  Fluid  Tem¬ 
perature,  *F,  at 

2.5  ft 

5.0  ft 

7o  ft 

120-1400 

98* 

502 

1030 

795 

830 

830 

Prediction 

98.2 

508 

1019 

705 

830 

880 

325-1505 

91. 

125 

1040 

BOO 

829 

873 

Prediction 

950 

194 

936 

783 

821 

860 

11*4-1530 

9. 

570 

637 

659 

650 

646 

Prediction 

10.5 

555 

621 

635 

630 

625 

144-1430 

49. 

524 

784 

712 

73 8 

751 

Prediciion 

50.5 

510 

765 

693 

724 

748 

11*4-1530 

93. 

1*69 

963 

751 

790 

835 

Prediction 

95.0 

467 

920 

737 

786 

834 

144-1640 

05. 

44 

915 

728 

754 

734 

Prediction 

39.5 

128 

861 

707 

743 

775 

146-1340 

59. 

192 

775 

707 

719 

734 

Prediction 

62.4 

231 

732 

681 

707 

722 

146-1500 

40. 

820 

800 

729 

751 

771 

Prediction 

41.3 

826 

783 

707 

739 

763 

146-1S20 

90. 

773 

958 

772 

812 

862 

Prediction 

92.4 

790 

929 

757 

812 

858 

140-1320 

88. 

516 

947 

791 

821 

858 

Prediction 

91.5 

530 

904 

776 

814 

348 

148-1540 

94. 

448 

1000 

fin 

838 

882 

Prediction 

97.1 

467 

971 

802 

835 

875 

162 
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Table  36.  BCPEKMEmL  AID  PPJDICTK2  RESULTS  FOH  MCR 

DKHYCRCGili  NATION  IK  Tiffi  FS3TR 
lb.652-IU.'Tx  9.5'j-nii 


Run  No, 

Conv, , 

<;> 

Outlet 

Pressure, 

paig 

Outlet 

Temp, 

*F 

Centerline  Fluid  Tem¬ 
perature,  *F,  at 

2.5  ft 

5.0  ft 

7.5  ft 

193-1300 

^3. 

609 

782 

732 

750 

764 

Prediction 

42,3 

G03 

783 

725 

749 

766 

193-1420 

44. 

219 

682 

687 

687 

604 

Prediction 

43.7 

215 

686 

678 

688 

690 

5-1200 

64. 

871 

& 15 

746 

777 

000 

Prediction 

63.4 

072 

835 

742 

778 

005 

5-1320 

98. 

360 

1013 

773 

824 

072 

Prediction 

98.4 

863 

1007 

773 

828 

&79 

5-1620 

62. 

790 

83O 

749 

777 

798 

Prediction 

62.3 

799 

828 

743 

777 

002 

9-1300 

77. 

720 

872 

758 

792 

817 

Prediction 

78.0 

720 

353 

753 

793 

821 

9-l**00 

97. 

676 

1034 

777 

822 

866  I 

Prediction 

9Q.6 

678 

1014 

772 

823 

070 

163 
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Tabie  57.  EXraUMOTAL  AND  PREDICTED  RESULTS  FOR  MCH 

p'ancuHOCiuy.ffoN  ih~t1ie  f^ir 
To. 277-1  n,  d  x  aTeU-Fr  lT~ 


F.un  No. 

Cony,, 

Outlet 

Presour®, 

paig 

Outlet 

Temp, 

*F 

Outside  Wall  Temperature, 

*F,  at 

0.27  ft 

1.77  ft 

50-1210 

15.2 

700 

688 

801 

7*8 

715 

Prediction 

15.6 

6?0 

683 

000 

7;0. 

702 

50-1310 

21.3 

671 

745 

839 

787 

772 

Prediction 

21.8 

647 

738 

331 

778 

761 

757 

28.5 

645 

7&? 

8G5 

846 

841 

84 6 

Prediction 

28.9 

623 

733 

862 

825 

818 

820 

50-14>o 

39.1 

604 

831 

937 

906 

907 

919 

Prediction 

39.1 

585 

831 

903 

880 

882 

9?0 

50-1510 

51.2 

548 

880 

987 

965 

970 

989 

Prediction 

50.7 

532 

087 

952 

?4o 

950 

968 

50-1540 

59.6 

505 

935 

1025 

1007 

1016 

1046 

Prediction 

59.0 

485 

944 

990 

986 

1004 

1036 

50-1610 

65.9 

466 

1011 

1061 

1048 

1063 

1108 

Prediction 

66.2 

432 

lol4 

1027 

1033 

1061 

1112 

5  '0-1630 

65.3 

432 

1101 

1098 

1097 

1119 

3200 

Prediction 

69.3 

405 

1058 

1046 

1060 

1095 

1160 

60-1300 

14.7 

709 

696 

802 

739 

713 

700 

Prediction 

15.3 

63l 

684 

300 

732 

702 

687 

60-1336 

63. 

5C5 

926 

1025 

3011 

1027 

1050 

Prediction 

60.8 

488 

953 

993 

998 

1018 

1053 

62-1130 

13.9 

865 

699 

756 

711 

702 

70?. 

Prediction 

14.8 

862 

686 

747 

695 

688 

685 

28.7 

855 

770 

806 

782 

790 

801 

Pre-iiction 

29.0 

856 

7  66 

791 

762 

771 

782 

62-1400 

72.3 

836 

901 

931 

932 

957 

990 

Prediction 

72.0 

842 

905 

905 

909 

939 

971 

62-1419 

86. 

823 

1011 

981 

990 

1022 

1089 

Prediction 

87.0 

828 

1002 

949 

9 66 

1007 

1066 

62-1650 

28,0 

854 

7  88 

815 

707 

793 

809 

Prediction 

29  5 

856 

768 

792 

764  | 

774 

785 
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Figures  57  to  60  generally  show  slight  differences  in  the  predic¬ 
tions  based  on  the  two  seta  of  data.  The  kinetic  parameters  based  on  the 
bench-scale  data  do  predict  slightly  higher  diversion  and  pressure  drop  and 
slightly  lower  temperature,  which  becomes  appreciably  lower  at  the  reactor 
exit,  than  the  parameters  based  on  FSSTR  data.  They  also  predict  a  tempem- 
ture  profile  that  is  a  slightly  better  fit  of  the  experimental  data  and  has 
a  curvature  more  like  the  experimental  profile.  Because  of  this  the  bench- 
scale  reactor  should  be  suitable  for  collecting  kinetic  data,  the  kinetic 
parameters  calculated  from  bench-scale  data  for  MCH  dehydrogenation  should  be 
reasonable,  and  available  bench- scale  data  con  be  used  to  determine  a  kinetic 
scheme  for  Decalin  dehydrogenation. 

Reaction  Kinetics  for  Decalin  Dehydrogenation 

Decalln-TotraHn-Naphthaler.e  Equilibria 

A  computer  program  was  developed  end  used  to  calculate  equilibrium 
compositions  of  the  Decalin- tetralii* naphthalene  system  at  various  conditions. 
Since  the  program  will  ultimately  bo  used  in  kinetio  calculations  for 
Deoalin  dehydrogenation,  it  is  presently  restricted  to  mixtures  that  result 
from  the  dehydrogenation  of  pure  Decalin. 


The  independent  chemical  reactions  used  for  the  system  are 


‘■1,00  =*  ‘””"00 

(22) 

‘””-00  5=*  CO  * !Hi 

(25) 

©0^  @©'“* 

(24) 

Equilibrium  constants  for  the  above  reactions  are: 

k,  -  -  kn 

1  >cD-Vd  n  1  -  Cl 

(25) 

*•  ■  rj^sL  -  (Sfrg) 

(26) 

(27) 

where 


kt  ■  equilibrium,  constant  of  reaction  i 


kyi  “  equilibrium  constant  for  the  activity  coefficients  of 
reaction  i 
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Si  "  equilibrium  conversion  of  reaction  i 
7j  ■  activity  coefficient  of  chemical  specie a  J 
Xj  “  nolo  fraction  of  chemical  opeciea  J 
Pj  “  partial  pressure  of  chemioal  specie*  J 
and  oheoloal  speolos  are  represented  by  the  suboripta 
cD  m  ois-Qecalin 
tD  “  trans-Docalin 
T  -  tatralin 
H  naphthnlono 
Ha  *  hydrogen 

The  partial  pressure  of  hydrogen  is  related  to  oonveraion  by 


( _ ^ 

yl  +  +  2gsy 


where 


P  •  total  pressure 


Value  of  the  equilibrium  constants  are  determined  from  a  least  squares  fit 
of  date*1)1*)  by 

b i 

log  Ki  -  aA  +  j-  (£ 


where 


«£,  bj  ■  constants 


T  •  absolute  temperature 

Equations  (25)  to  (28)  are  solved  by  iteration  to  determine  the 
reaction  conversions  at  any  given  temperature.  The  iteration  logic  follows: 

1.  Assumed  values  are  assigned  to  the  reaction  conversions. 

2.  Hole  fractions  srs  calculated  for  each  chemical  apeoieu. 

J.  The  fugaoity  of  the  mixture  is  calculated  by  Pitzer  and  Curl* a 
equation  of  state  for  the  second  virial  coefficient.  5v  s:7 


method  of 


k.  Activity  coefficient*  are  determined  for  each  spociea  by  the 
damson  and  Watson. '  “  5  v 
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5.  Equilibrium  constants  for  the  activity  coefficient?  are 
calculated . 

6.  The  hydrogen  partial  pressure  is  calculated  by  Equation  (£3)= 

7.  Equations  (25)  to  (27)  are  solved  simultaneously  to  yield  the 
reaction  conversions. 

The  conversions  calculated  in  step  (7)  are  assumed  as  the  starting  point  for 
the  following  iteration.  The  iterations  are  terminated  when  the  calculated 
conversions  match  tho  assumed  conversions.  Rapid  convergence  wb3  achieved 
when  the  starting  point  was  the  complete  conversion  of  initially  pure  Decalin 
to  naphthalene  and  hydroten.  If  feeds  other  than  pure  Decalin  are  used,  the 
same  starting  point  and  logic  should  likewise  result  In  rapid  convergence  to  a 
soli  ■ .  on. 

Equilibrium  compositions  and  reaction  conversions  are  shown  in 
Figures  16  and  51  as  functions  cf  temperature  at  various  pressures.  The  curves 
are  basea  on  equilibrium  mixtures  that  result  when  pure  Decalin  dehydrogenates 
to  tetralin,  naphthalene,  and  hydrogen.  At  10  atm,  Decalin  has  reacted 
completely  at  with  10$  converted  to  tetralin  and  90$  to  naphthalene.  At 

50  atra  the  90$  conversion  to  naphthalene  occurs  at  870’F.  Hence,  over  most 
of  the  conditions  to  be  expected  in  the  FSSTR  (700- 1100 ^F,  10-60  atm),  the 
equilibrium  conversion  of  Decalin  la  almost  complete,  end  the  conversion  to 
naphthalene  Is  equilibrium  limited  only  at  the  lower  temperatures  and  higher 
pressures. 


Kinetic  Parameters  From  Bench-Scale  Data 

•  Present  work  on  Decalin  dehydrogenation  consists  of  evaluating 
experimental  data  from  bench-scale  studies  to  determine  a  kinetic  model  for 
use  In  the  packed  bed  reactor  program.  The  data  are  being  used  to  select  the 

.  best  form  of  the  rate  expression  and  to  estimate  kinetic  parameters.  Later 

FSSTR  data  will  be  used  to  confirm  the  model  and  improve  the  values  of  the 
parameters. 

In  the  reaction  model,  cis-  and  tzans-Decolin  are  considered  a3 
separate  chemical  species.  Both  isomexize  to  each  other  and  dehydrogenate  to 
tetralin,  which  dehydrogenates  to  naphthalene.  The  reverse  hydrogenation 
steps  will  be  Included  if  the  kinetic  model  is  significantly  improved. 
Basically  the  model  has  one  Isomerization  and  two  dehydrogenation  steps.  In 
the  kinetic  scheme  three  conversions  are  associated  with  these  steps.  In  the 
analysis  of  the  bench-scale  data, reaction  rates  for  the  three  steps  will  be 
integrated  numerically  for  each  run  to  obtain  conversions.  Least  squares 
analysis  will  be  used  on  the  conversions  to  optimize  kinetic  parameters  and 
then  select  the  best  kinetic  model. 

•  Model  of  a  Regenerative  Heat  Exchanger  for  Missile  Application 

Model  Development 

• 

One  of  the  rear  term  applications  of  Air  Force  programs  on  vapor¬ 
izing  and  endothermic  fuels  involves  utilization  of  supersonic  combustion 
ramjet  engines  for  powering  missiles.  Present  plans  contemplate  using  only 
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the  latent  and  sensible  heat  capacity  of  the  fuel  for  cooling  the  engine. 

Under  the  current  contract  the  behavior  of  candidate  fuels  will  be  investi¬ 
gated  both  anal; tically  and  experimentally. 

In  order  to  arrive  at  the  optimum  design  of  experimental  equipment 
a  computer  model  has  been  developed  to  be  used  in  predicting  the  effect  of 
geometric  ar.d  experimental  variables  on  heat  transfer  and  profiles  of  pressure 
and  temperature.  Fuel  is  considered  to  flow  through  a  cylindrical  heat 
exchanger  of  constant  cross-sectional  area  and  increase  in  temperature  prior 
to  injection  into  the  combustion  chamber.  The  computer  program  predicts  the 
prepsure  and  temperature  profiles  of  the  fuel.  Required  input  consist  of 
pressure  and  temperature  of  the  fuel  at  either  end  of  the  heat  exchanger, 
mass  flux  of  the  fuel,  heat  flux  profile  at  the  wall  tube  dimensions,  and 
fuel  properties.  The  program  is  organised  so  that  properties  for  any  fuel 
con  be  inserted.  The  calculation  is  limited  to  single-phase  flovj  however, 
work  is  being  done  to  extend  the  model  to  two-phase  flow. 


The  model;  one- dimensional  along  the  tube  axis,  is  based  on  a 
momentum  balance,  an  energy  balance  and  a  mass  balance: 


V,  dv*  +  i  dP  *  2fv£  = 
z  ~Sz  P  d* 

0 

(30) 

d^ 
vz  3s 

fz  dT  (1  T  Vi  d? 

s  *  CP  51  +  I.P  +  P*  3t;  as 

*&*• 

(31) 

pvz  -  0 

(32) 

where  z  *=  axial  distance  from  tube  entrance 
P  a  fluid  pressure 
T  ■  fluid  temperature 
d  *  tube  diameter 
v2  *.  average  velocity  of  fluid 
p  =  fluid  density 

Cp  =  fluid  specific  heat  at  constant  pressure 
G  c  average  mass  flux  of  fluid 
f  a  friction  factor 

q  a  heat  flux  at  the  wall  (positive  value  in  the  direction  of 
increasing  radius). 

The  friction  factor  for  turbulent  flow  in  a  smooth  pipe  is  given  implicitly 
by6) 

rl/s  =  4.0  logfRe-f1/2)  -  4.0  (33) 

where  Re  =  Reynolds  number. 

In  the  program, Equation  (33)  is  solved  by  iteration  to  determine  the  friction 
factor  for  a  known  Reynolds  number.  The  friction  factor  for  laminar  flow  is 


f 


(34) 
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Equations  (30)  to  (32)  were  solved  to  yield  explicit  expressions  for 
the  pressure  and  temperature  derivatives  in  terms  of  the  mans  flux,  the  heat 
flux  and  properties  of  the  fuol.  Numerical  integration  of  the  derivatives 
then  yields  the  pressure  and  temperature  profiles.  To  obtain  the  derivatives 
the  enorgy  equation  is  simplified  by  subtracting  Equation  (30): 


«  dT 
CP  da 


T  d 


7 


9 


dP  +  bSL 
da  Gd 


-  0 


(35) 


Equations  (30),  (3 ?)•  and  (35)  are  now  solved  simultaneously.  The  fluid 
velocity  in  Equations  (30)  ani  (35)  is  replaced  by  the  mass  flux  ujing 
Equation  (32)  and  the  resulting  equations  rearranged  and  made  dimensionless : 

d  dp  dP  d  dp  dT  rd  dP  . 

p5pai-^p5fdj-G»di-2f“0  (36) 

P*°v4  dT  .  Td  dp  dp  .  4pflq  „„  .  . 

152^  as  *  62  3T  3a  *  -&r  “  2f  “  0  (37) 

These  equations  are  written  in  matrix  form: 


where 


~*11 

•* 
ftj a 

“*r 

X" 

M 

•ai 

*a 

ha 

_  Pd  dP 

m&Ai 


*n 

•11 


*j st 


p“d  dT 
G 2“ffx 


>1  ♦ 


G“  do 
p*3p 


g*  dp 
P*5r 


T  dP 
P  5t 


**a  “  Cp 
b4  -  2f 


ha 


The  solution  to  Equation  (38)  is 


x,  „  -  Bigba 

an  age  -  aigagi 

x  «  .-.a21bL7a?£*te.  . 

exi»2«-aigagi 


(38) 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

(45) 

(46) 


(47) 

(48) 
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In  the  computer  program  Equations  (47)  and  (48)  are  integrated  numerically  by 
the  Runge-Kutts-Glll  method. rrfl)  Fluid  pressures  and  temperatures  are  then 
obtained  as  functions  of  the  axial  distance. 

The  critical  velocity  for  choking  is  calculated  at  each  integration 
step  for  comparison  with  the  linear  velocity.  The  critical  velocity  occurs 
as  the  pressure  drop  approaches  infinty.  Hence  the  critical  volocity  can  be 
found  by  letting  x^  approach  infinity  in  Equation  (47).  The  denominator  on 
the  right  side  13  then  zero  and  the  critical  velocity  is  given  by  rearrange¬ 
ment- 

G„  r  r^n  T 


(M)[ ' 


where  vc  =  critical  velocity  of  fluid 
Gc  »  critical  majs  flux  of  fluid. 


At  periodic  Intervals  during  the  Integration  a  film  heat  transfer 
coefficient  and  a  wall  temperature  are  determined.  The  film  coefficient  is 
determined  oj  any  suitable  heat  Lransfer  correlation,  which  can  be  inserted 
easily  into  the  computer  model. 

In  order  to  analyze  data  obtained  in  a  resistance-heated  heat 
exchanger,  a  pair  of  wall  transfer  coefficients,  one  for  the  heat  generated 
and  the  other  for  the  heat  lost,  are  used  to  calculate  the  temperature  drop 
across  the  wall.  This  temperature  drop  is  given  by 


where 


*1  ■  T°  r  +  V* 

^  hL 


*»  heat  transfer  coefficient  for  heat  generated  by  resistance 
heating  in  tube  vail 

»t  •  ~7^\  <52) 

Ri  1X1  \Ro) 

■  heat  transfer  coefficient  for  heat  transferred  to  surroundings 

<10  “  heat  generated  by  resistance  heatiag  expressed  as  an  inside 
wall  heat  flux  to  the  fluid 

qj,  -  heat  loat  to  surroundings  expressed  as  an  inside  vail  heet 
flux  from  the  fluid 

Tj  ■  inside  well  temperature 

!<■>  "  outside  wall  temperature 
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fli  ■  Inside  tube  radius 
fio  ■  outside  tube  radius 
ky  •  vail  thermal  conductivity 
The  lnsido  vail  temperature  is  determined  by 


-Tf 


■  Qt 


(53) 


uhero  T^.  •  fluid  temperature 

hf  •  film  heat  transfer  coefficient. 

Comparison  Vlth  Experiments 

EicForiments  have  been  run  ax  low  and  high  heat  fluxes.  The  calcu¬ 
lations  at  lov  heat  flux  (1. 36-1. 63  x  10s  Ertu/fta-hr)  compare  favorably 
with  experimental  results.  At  high  heat  flux  (4.50-8.22  X  10°  Btu/fta-hr) 
the  calculations  are  different  from  experimental  observations.  The  predicted 
vail  temperatures  are  higher  than  the  observed  values.  Experimental  results 
at  lov  heat  flux  were  obtained  on  a  0.277-in.  diameter  tuba  and  at  high  flux 
on  a  tube  of  0.0265-in.  diameter. 

Predicted  temperature  profiles  at  low  heat  flux  are  compared  with 
experimental  results  in  Figures  52  to  5U.  The  moan  bulk  temperatures  on 
the  three  figures  lie  in~the  aubcritical,  critical,  and  supercritical  tempera¬ 
ture  regions.  The  calculated  outlet  bOk  temperature  in  each  figure  agrees 
closely  vith  the  experimental  value. 

The  profiles  of  the  vail  temperature  were  calculated  from  the  heat 
flux,  fluid  temperature,  and  heat  transfer  coefficients  based  on  different 
Two  of  the  curves  are  based  on  the  Dittus-Boelter  correla- 


Nu  -  0.023  fie°*epr°‘*  (5h) 

»  Nusselt  number 


—  -  Reynolds  number 

-2-  ■  Prandtl  number 

fluid  thermal  conductivity 
fluid  viscosity. 

Fluid  properties  for  one  curve  are  based  on  the  mean  bulk  temperature  and  far 
tho  second  curve  on  the  average  film  temperature  (the  average  of  the  mean 
bulk  temperature  and  the  inside  vail  temperature).  The  third  curve  is  based 
on  the  Sieder-Tate  correlation; 53 ) 


correlations, 

tion;50) 

whore  Nu  - 

Re  - 

Pr  » 

k  - 
u  * 


t 
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NuS  -  0.023  RoB0*HPrB1/3(~)°*14  (55) 

where  the  subscripts  refer  to  properties  at  either  the  .near,  bulk  temperature 
(p)  or  the  in3ide  wall  temperature  (w). 

On  each  figure  the  measured  wall  temperatures  on  the  top  and  bottom 
of  the  tube  are  close  together  at  tne  tube  inlet,  diverge  for  1  ft,  and  main¬ 
tain  a  large  difference  for  the  remaining  tube  length.  This  temperature 
difference  is  probably  due  to  secondary  circulation  inside  the  tube  driven  by 
density  gradients.  Hot  fluid  at  the  side  rises  to  the  top  forcing  colder 
fluid  down  across  the  centerline  to  the  bottom  of  the  tube. 

The  predicted  wall  temperatures  generally  tend  to  lie  in  the  region 
of  the  bottom  wall  temperature.  At  subcritica)  bulk  temperatures  (T  <  570. 5*1?, 
Figures  32  and  33)  the  Dittus-Boelter  correlation  based  on  the  average  film 
temperature  shows  less  agreement  with  experiment  than  do  the  other  two 
correlations.  At  ambient  bulk  temperatures  the  wall  temperatures  are  high 
due  to  a  large  fluid  viscosity,  which  decreases  rapidly  with  increasing 
temperature.  At  the  critical  temperature,  discontinuities  in  the  fluid 
properties  cause  discontinuities  In  the  heat  transfer  coefficient  and  henoa 
the  wall  temperature.  At  supercritical  temperatures  (Figures  33  and  54) 
all  three  correlations  predict  essentially  the  same  heat  transfer  coefficient. 
In  Figure  34  the  wall  temperature  for  the  Sieder-Tate  correlation  (not  shown) 
lies  between  the  wall  temperatures  predicted  by  the  other  two  correlations. 

Predicted  temperatures  at  high  heat  flux  are  Bhown  in  Figures  55  and 
^6.  The  mean  bulk  temperaturo  is  subcritical  on  both  graphs.  Outside  wall 
temperatures  based  on  three  csrrelations  are  plotted  for  comparison  with 
experimental  temperatures.  All  three  correlations  predict  conservative 
values  of  the  heat  transfer  coefficient  and  hence  high  values  for  the  wall 
temperature,  altnough  the  temperatures  based  on  the  Dittus-Boelter  correlation 
using  fluid  properties  at  the  average  film  temperature  are  somewhat  reasonable. 
The  experimental  wall  temperatures  are  close  together  and  show  no  evidence 
of  secondary  circulation.  Actually  the  bottom  wall  temperatures  are  higher 
than  the  wall  temperatures  on  top.  This  is  probably  due  to  a  greater  wall 
thickness  at  the  bottom  of  the  tube. 

Shock  Tube  Studies  of  Ignition  Delays  of  Hydrocarbons 

The  measurement  of  ignition  delays  has  been  extended  to  other  high 
molecular  weight  hydrocarbons.  Experimental  methods  and  equipment  have  been 
described  in  previous  reports.2)3”9)  The  latest  measurements  have  been  made 
on  fuels  that  arc  possible  candidates  for  regenerative  cooling  of  ramjet 
engines.  The  fuels  used  include  both  as-ie  components(DMD(dimethanodecalin), 
SHE11DYNE,  and  SHELLDYNE  H)  and  mixtures  (SHELLDYNE-Decalir.  and  SHELLDYNE- 
Einor-S).  Correlating  equations  were  determined  by  linear  regression  for 
each  fuel. 

Experimental  Work 

Mixtures  were  prepared  at  80°C  in  order  to  have  a  sufficient  concen¬ 
tration  of  fuel.  The  reaction  section  of  the  shock  tube  was  heated  to  the 
same  temperature,  while  the  driver  section  was  maintained  at  1*5’C  (except 
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Figure  55.  CALCULATED  AND  EXPERIMENTAL  TEMPERATURE 
PROFILES  FOR  REGENERATIVE  HEAT  EXCHANGE  STUDIES 
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near  the  diaphragm  flange,  where  the  temperature  was  also  80°C). 

Hiring  each  firing  of  the  tube  the  apparent  delay  time  of  the  mix¬ 
ture  was  determined  by  measuring  the  infrared  emission  from  COg  at  a  frequency 
of  2550  cm-1.  The  CO2  emission  was  displayed  as  an  oscilloscope  trace, 
examples  of  which  are  the  lower  traces  in  the  photographs  of  Figure  5?.  The 
upper  trace  in  each  photograph  is  the  pressure  history  at  the  measuring 
station.  Photographs  (a)  and  (b)  are  characteristic  of  the  results  obtained 
on  most  of  the  shock  tube  runs.  During  the  passage  of  the  shock  wavo  there 
is  a  sudden  Increase  in  the  pressure,  which  is  followed  soon  afterwards  by  a 
marked  increase  in  fn2  emission,  A  few  of  th.:  runs  with  SHELLDYNE  exhivtted 
two  breakpoints  in  the  COg  traces,  as  shown  .n  photographs  (c)  and  (d). 

The  initial  increase  was  followed  shortly  by  a  dip  and  then  a  second  increase 
in  the  C0a  emission. 

Data  Analysis 

The  calculation  procedure  for  analyzing  data  ha3  been  written  as  a 
computer  program  that  furnishes  the  ignition  delay  and  physical  conditions  for 
the  combustion  front.  The  calculation  is  based  on  the  equations  for  conserva¬ 
tion  of  mass,  energy,  and  momentum  in  a  one-dimensional  shock  wave.  Perfect 
gas  behavior  and  a  logaril.’unic  dependence  of  specific  heat  on  temperature  are 
assumed.  The  apparent  d:lay  time  is  corrected  to  the  true  delay  time  using 
the  velocities  of  the  shock  wave  and  the  following  gas.  Conditions  at  the 
combustion  front  are  calculated  from  the  conditions  immediately  behind  the 
shock  wave  by  assuming  an  exponential  attenuation  of  the  shock  wave  pressure. 
The  pressure  following  the  shock  wave  is  assumed  to  decrease  with  distance 
according  to 

£  • 1  •  (ST*  -l) 

where  Px  «  pressure  ahead  of  shock  wave 
P8  «  pressure  following  shock  wave 
X  «  axial  distance 
rj|  e  hydraulic  radius  of  shock  tube 
A  «=  attenuation  coefficient. 

An  attenuation  coefficient  of  0.001  was  used, 

to  0.001  estimated  from  attenuation  coefficient  •  for  other  9hock  tubes. e0; 

Results 

Ignition  delay  times  and  conditions  calculated  from  experimental 
data  are  listed  in  Tables  89  through  95  of  the  Appendix.  The  calculated 
delay  times  for  each  hydrocarbon  or  hydrocarbon  mixture  were  fitted  to 
correlating  equations  by  multiple  regression  to  determine  the  effects  of 
independent  variables.  Temperature  and  oxygen  concentration  were  found  to  be 
the  only  variables  with  significant  effects.  Hence  the  correlating  equation 
used  was 

In  r  »  b0  +  bi  In  o0a  +  jjy  (57) 


exp 


(-$ 


(56) 


ihich  in  in  the  range  of  O.QOO5 
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where  t  =  ignition  delay  time,  ysec 

cos  c  oxygen  concentration,  g  mole/liter 
T  =  absolute  temperature,  °K 
R  b  1.987  x  10"  3  kcal/g  mole-°K 
bx,b2  •=  correlating  parameters 

E  »  correlating  parameter  (activation  energy),  kcal/g  mole. 

Results  of  the  correlation  arc  listed  in  Table  50.  The  values  of  bx  vary 
from  -1.32  to  -O.59  with  most  of  the  values  close  to  -1.  This  led  to  the  use 
of  the  following  correlating  aquation; 


-  bc  +  ” 


(58) 


Regression  results  for  Equation  (58)  are  listed  in  Table  59.  Activation 
energies  are  Just  slightly  different  from  those  in  Table  $0.  The  standard 
error  for  ln(-rc0a)  is  only  a  fraction  larger  in  T able 59  tKan  in  Table  $8. 

Hence  the  simpler  and  more  general  Equation  ( 58)  is  almost  as  gooS  a  fit  as 
Equation  (57). 

Plots  of  ln(tc0  )  vs  i/T  are  shown  among  Figures  58  to  65  for 
various  fuels.  These  illustrate  the  goodness  of  fit  for  Equation  (58). 

Figures  58  and  59  show  the  correlating  equations  for  Ignition  of 
n-ootane  and  Decal in.  The  delay  times  have  been  recalculated  from  earlier 
data3'  using  the  computer  program  described  above.  There  is  some  scatter  of 
data  on  both  plots.  n-Octane  seems  to  have  no  pattern  for  the  scatter  of  its 
data.  At  low  temperature, Decalin  has  delay  times  that  correlate  well. 

However  at  high  temperature  and  low  fuel-oxygen  concentration  there  seems  to  be 
a  dependence  on  the  equivalence  ratio  cr  fuel  concentration,  since  the  delay 
time  is  almost  proportional  to  the  fuel  concentration. 

Results  of  shock  tube  runs  for  SHELLDYNE  are  plotted  in  Figure  60, 

In  a  few  runs  C0a  emission  increased  at  ignition  and  dipped  afterwards 
(Figure  57,  c  and  d).  This  was  followed  by  another  increase  in  the  emission 
to  a  high  level.  The  delay  times  for  both  of  these  increases  fall  along  the 
two  lines  shown  in  Figure  60.  Both  lines  are  equations  of  the  same  form  as 
Equation  (58).  Most  of  the  points  for  SHELLDYNE  fall  along  the  upper  line. 
However,  the  delay  times  for  a  few  other  runs  and  also  the  early  delay  times 
for  those  runs  having  two  breakpoints  in  the  C02  trace  lie  along  the  lower 
line.  These  runs  with  early  ignition  are  indicated  in  Table  91  and  are  not 
restricted  to  a  single  mixture  or  set  of  conditions.  The  parameters  for  the 
two  ignition  delay  lines  are  given  in  Table  59. 

Figure  61  ihows  the  Ignition  delays  for  a  particular  mixture  of 
SHELLDYNE- oxygen- argon.  The  so'iid  lines  are  the  correlating  equations  for 
SHELLDYNE.  Six  C02  traces  had  two  breakpoints  each,  three  of  whose  delay 
times  are  the  pairs  of  pointq  connected  by  dotted  lines  in  Figure  61.  The 
other  points  were  determined  from  C02  traces  that  had  sirglebreakpointe . 

The  points  on  the  graph  appear  to  form  two  distinct  lines  similar  to  the  ones 
shown.  Hence  it  seems  that  the  ignition  of  SHELIDYNE  is  complicated  by  two 
possible  delay  tires.  At  the  present  time  we  have  no  satisfactory  explanation 
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Table  58.  IGNITION  DELAY 


Fuel 

Standard 
Error  of 

ln(tCoP) 

b„ 

n-Octane 

0.55 

-17.19 

Deoalin 

0.61 

-14.90 

SKELLDYNE 

O.JO 

-22.09 

SHELIDYNE 
(Early  Ignition) 

0.26 

-22.44 

SHELLDYNE  H 

0.35 

-20.08 

DMD 

0.62 

-20.06 

SHELLDYNE- 

Decalln 

0.60 

-20.43 

SHELLDYNE- 

Blnor-S 

0.29 

-27.77 

PARAMETERS  EQUATION*  (57) 


bi 

Standard 
Error  of 
bi 

E, 

kcal 
g  mole 

Standard 
Error  of 
E 

-0.76 

0.08 

40.5 

3-7 

-0.59 

0.07 

39.2 

3-9 

-1.03 

0.05 

48.6 

2.3 

-1.05 

0.10 

46.4 

3.1 

-0.93 

0.05 

43.9 

1.3 

-0.95 

0.19 

45.6 

4.2 

-1.10 

0.13 

40.7 

4.0 

-1.32 

0.12 

53-9 

3-7 

n-Octai;  ? 

Decalin 

SHELLDYNE 

SHELLDYNE 
(Early  ignition 

SHELLDYNE  H 

DMD 

SHELLDYNE- 

Decalin 
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for  thla  behavior  of  SHELLDYNE.  However,  it  occurs  with  sufficient  frequency 
to  make  it  improbable  that  it  is  adventitious. 

Ignition  delay  results  for  SHELLDYNE  H  and  DMD  are  shown  in  Figures 
6 2  and  6}.  SHELLDYNE  H  data  correlate  well  with  Equation  (58),  whereas  the 
DfttTTias  some  scatter. 

Additional  shock  tube  runs  at  lower  DMD-oxygen  concentration  would 
extend  the  data  to  higher  temperatures  and  probably  improve  the  correlation. 

The  correlating  equations  for  the  various  fuels  are  compared  in 
Figure  64.  DMD  and  nest  of  the  SHELLDYNE  points  have  similar  ignition  delay 
times.  SHELLDYNE  H  has  delay  times  that  correspond  to  the  early  ignition 
delay  times  of  SHELLDYNE.  The  delay  times  of  n-octane  and  Decalin  are  shorter 
at  high  temperature.  At  lower  temperatures  these  times  ore  similar  to  those 
of  SHELLDYNE  H. 

Shock  tube  runs  were  made  for  fuel  mixtures  of  SHELLDYNE- Decalin  and 
SHELLDYNE- Dinor-S .  Figures  6^  and  66  show  the  results  of  these  experiments. 
The  least-squares  linear  fit  is  shown  for  each  mixture  along  with  ignition 
delay  curves  for  other  fuels.  The  SHELLDYNE-Decalin  data  at  fuel-oxygen 
concentration  do  not  correlate  well  with  the  rest  of  the  data.  The  data  for 
the  1$  fuel-oxygen  concentration  falls  along  the  SHELLDYNE  curve,  while  the 
rest  of  the  data  is  more  consistent  with  the  delay  times  of  Decalin  and 
SHELLDYNE  H.  The  SHELLDYNE-Decalin  line  1b  the  beat  for  all  the  mixture  data. 
The  SHELLDYNE- Binor-S  data  in  Figure  66  correlate  well.  The  beat  fit  for  the 
mixture  is  close  to  that  of  SHELLDYNE  H. 

Estimation  of  Physical  Properties  of  Hydrocarbons 

The  available  physical  properties  of  a  JP-7  type  Jet  fuel  (F-71), 
trans-Deealin,  and  SHELLDYNE  are  shown  in  Tables  96  through  104  of  the 
Appendix.  Most  of  the  properties  for  F-71  and  Decalin  were  estimated  by  the 
Ste mling- Brown  Properties  Program.  Most  of  the  SHELLDYNE  properties  were 
calculated  by  a  modification  of  the  PPP-3  Physical  Properties  Program. 

Critical  properties  of  the  normal  paraffins  were  used  in  calculating 
properties  of  F-71#  since  previous  analysis  has  shown  the  fuel  to  be  composed 
mainly  of  paraffins  with  some  naphthenes,  olefins,  and  aromatics.  In  view 
of  the  possible  variation  in  composition  of  available  JP-7  type  fuels,  the 
assumption  of  a  paraffinic  composition  should  be  sufficiently  accurate  for 
calculating  properties,  and  the  properties  in  Tables  96  through  98  should  be 
representative  of  this  fuel. 

The  current  physical  properties  program,  a  modification  of  the  A.  I. 
Ch.  E.  program,  is  being  revised,  and  when  this  is  completed  better  estimates 
of  the  properties  for  trans-Deealin  will  be  determined  along  with  properties 
for  eie-Decalin.  In  the  meantime  the  properties  in  Tables  99  through  101 
should  be  reasonably  satisfactory  for  both  isomers  of  Decalin. 

Properties  of  F-71  and  SHELLDYNE  will  also  be  recalculated  with  the 
revised  program  if  they  can  be  improved  significantly.  Otherwise  the  current 
properties  should  be  adequate,  since  these  two  fuels  are  mixtures  and  the 
actual  fuels  available  now  or  later  may  vary  slightly  in  composition 
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and  properties. 

The  following  section  contains  a  sumnary  of  the  various  methods  used 
for  estimating  physical  properties.  The  list  is  essentially  an  identification 
of  the  formulas  and  correlations  used  in  the  calculation.  The  accuracy  of 
these  techniques  is  difficult  to  assess.  The  gas  properties  should  be  within 
except  in  che  critical  region  where  errors  of  10-30^  may  be  likely.  The 
liquid  properties  are  lass  accurate:  density  2$,  heat  capacity  10$,  enthalpy 
8$,  heat  of  vaporization  5&  vapor  pressure  $$,  surface  tension  10$,  viscosity 
10$,  and  thermal  conductivity  15$. 

Description  of  Estimation  Methods 

1.  Compressibility  factor  calculated  by  the  Ackerman  modification 
of  the  Redlich-Kwong  equation'  of  state. 61 ' 

2.  Liquid  density  from  the  Francis  equation62)  for  1  i  I0  •  60aF 

p  ■  A  -  BT  -  (59) 

and  from  the  Guggenheim  equation®3)  for  T  >  Tc  -  60#F 

Pr  *=  1  +  a(l-Tr)l/a  +  b(l-Tr)  (60) 

3.  Gas  heat  capacity  at  zero  pressure  from  data  or  Rihani- 
Doralawaay  method. o*'  Pressure  effect  from  a  modified  form  of  the  Redlich- 
Kwcng  equation  of  state. 

4.  Liquid  heat  capacity  by  numerical  differentiation  of  liquid 

enthalpy. 

5.  Oas  enthalpy  at  zero  pressure  from  integration  of  ideal  gas  heat 
espaoity.  Effect  of  pressure  from  a  modified  form  of  the  Redlich-Kwcng 
equation  of  state. 

6.  Liquid  enthalpy  at  saturation  pressure  by  difference  between  gas 
enthalpy  and  heat  of  vaporization. 

7«  Oas  fugaclty  by  numerical  integration  of 


8.  Gas  free  energy  from  the  ideal  gas  free  energy  and  the  pressure 
effect  on  free  energy 


G  -  0* 


RT  ln^r 


(62) 


9.  Gas  entropy  from  the  enthalpy  and  free  energy  at  the  same 

conditions 
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(63) 


10.  Gas  specific  heat  ratio  by  differentiation  of  the  Redlich-Kwong 
equation  of  state  to  evaluate 


(64) 


11.  Gas  Joule-Thomson  coefficient  by  differentiation  of  the  modified 
Redlioh-Kvong  equation  of  ""state  to  evaluate 

^JT  E  (65) 


12.  Gas  oonlo  velocity  from 


(66) 


using  the  Redlich-Kwong  equation  of  state. 

1J.  Heat  of  vaporization  x'rom  the  Theisen  correlation04) 

AHy  -  a(le  -  X)n  (67) 

or  the  Watson  correlation  (n  *  0.38).64) 

14.  Vapor  pressure  by  the  reduced  Froat-Kalkwarf-Thodos  correla¬ 
tion.64) 

15.  Surface  tension  from  an  empirical  correlation") 

0  -  a(l  -  Tr)b 

or  the  MaeLeod-Sugden  correlation.04) 

16.  Gas  viscosity  from  the  Chapman- Enskog  theory  with  Kihara  poten¬ 
tial  parameters’. 64 '  Correction  for  pressure  by  the  Stiel  end  Thodos  method.65' 

17.  Liquid  viscosity  from  an  ASTM  standard  viscosity-temperature 
chart  for  T  <  200 ’F,"  from 

in  p  =  a  +  ^  (68) 

for  200°F  <.T  <0.7  Tc,  and  from  the  Stiel  and  Thodos  dense  gas  method  for 
Tr  >  0.7. °4) 
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18.  Gaa  thermal  conductivity  from  the  Chapman- Enskog  theory.84) 
Correction  for  pressure  by  the  Stiel'and  Thodos  method.08) 

19-  Liquid  thermal  conductivity  from  the  Robbins-Kingrea  correlation 
for  Tr  <  0.9  and  from  the  Stiel  and  Thodos  dense  gas  correlation  for 
Tr  >  0.9. 84 / 

Present  Status  and  Future  Projections 

1.  A  considerable  effort  has  been  made  during  this  year  to  gather 
data  to  allow  ms  to  advance  Decalin  to  the  same  status  as  a  candidate  fuel 
as  is  now  occupied  by  MCH.  Decalin  is  a  promising  candidate  fuel  in  its  own 
right  and  would  be  valuable  as  a  component  of  a  mired  fuel  in  which  the 
Decalin  is  incorporated  to  decrease  the  vapor  pressure  or  modify  the  freeze 
point  or  viscosity.  The  Decalin  system  is  considerably  more  involved  than 
is  M!H  because  of  complexity  of  the  dehydrogenation  reactions.  Wo  have 
apparently  been  successful  in  obtaining  kinetic  data  in  bench-scale  apparatus 
under  "lsothermtl''  conditions  (vide  infra)  for  Decalin  over  Pt/AlaOg.  This 
will  enable  us  tc  complete  the  mathematical  model  and  then  run  Decalin  in  the 
FSSTR  in  order  to  check  it. 

2.  Preliminary  examination  of  the  theimal  reactivity  of  the  high 
density  fuel  SHELLDYNE  in  our  all  metal  bench-scale  reactor  equipment 
revealed  that  it  displays  susceptibility  to  cracking  reactions  even  at  as  low 
a  temperature  as  800°F;  the  extent  of  reaction  depending  on  the  contact  time 
in  the  reaction  zone.  Although  the  reaction  is  relatively  clean  at  low 
conversion,  at  high  conversions  (i.e.,  high  temperature  or  long  reaction 
time)  coking  con  occur.  The  reactivity  of  the  SHELLDYNE  can  be  greatly  reduced 
by  hydrogen  treatment,  which  is  readily  accomplished.  Thus,  under  similar 
conditions,  the  ratio  of  SHELLDYNE  to  SHELLDYNE  H  reaction  is  around  1500 
while  the  reactivity  of  SHELLDYNE  H  is  comps rable  with  that  of  Decalin.  Since 
the  effect  of  hydrogen  treating  on  the  heat  of  combustion  and  physical 
properties  of  SHELLDYNE  is  relatively  minor,  it  is  evident  that  SHELLDYNE  H 
should  be  used  In  any  application  involving  cooling.  While  this  conclusion 
must  bo  tentative  and  will  await  further  work  in  the  mini-FSSTR  under  more 
repreeentative  conditions,  it  is  unlikely  that  It  will  be  modified.  There 

is  some  indication  that  the  metal  used  in  our  bench-scale  equipment  had  r 
catalytic  effect  on  the  decomposition  of  tiie  SHELLDYNE.  The  hydrotreating 
also  improvod  the  thermal  stability  of  SHELLDYNE  as  measured  in  the  SD/M-7 
coker,  being  superior  to  Decalin  in  tube  deposits  and  somewhat  inferior  in 
pressure  drop  effects.  The  next  step  will  be  to  determine  the  behavior  ol‘ 
SHELLDYNE  H  in  the  mini-FSSTR  in  order  to  get  basic  data  for  heat  transfer 
calculations. 

J.  Other  areas  of  interest  in  connection  with  the  development  of 
endothermic  fuels  involve  studying  the  rates  and  extent  of  dehydrogenation 
of  DMD,  SHELLDYNE  H,  BCH  (bicycloheptane),  hydrogenated  fulvenes,  adamantane 
and  higher  naphthenes  over  our  standard  catalyst.  It  will  also  be  of  interest 
to  study  dehydrocyclative  reactions  for  molecules  involving  spatially 
favored  hydrogen  atoms.  An  attempt  will  also  be  made  to  bring  about  rapid 
dehydrogenation  of  TIB  in  the  presence  of  a  volatile  strong  acid  which  could 
serve  as  a  vapor  phase  catalyst. 


-  198  - 


.i 


( 


I 


:m  '  *§'-—-r-rr-nw . .  . . —  - - -  '*U  V*~  *  '  '*  -  .. *  V.  '  -  •  •*•  •  ~ 


AFAFL-TR-67-H4 
Part  II 

1*.  Although  a  substantial  number  of  the  536  catalysts  that  have 
been  evaluated  under  our  catalyst  development  program  have  shown  greater 
activity  (and  In  some  cases  greater  stability)  than  the  standard  Pt/Ala03 
catalyst,  we  have  not  achieved  the  sought-for  order  of  magnitude  Increase  In 
activity  desired  nor  the  hoped-for  cheap  equivalent  catalyst.  Recent  work 
has  been  concerned  with  the  production  of  catalysts  containing  two  or  more 
catalytic  elements  to  which  one  or  more  auxiliary  elements  have  been  added  in 
an  effort  to  promote  substantially  higher  catalytic  activity.  Few  synergistic 
effects  have  been  noted  as  a  result  of  these  attempts.  We  intend  in  the 
future  to  systematically  broaden  our  experimentation  by  increasing  still 
further  the  number  of  elements  included  in  a  single  catalyst. 

A  few  catalysts  which  had  been  shown  to  be  more  active  than  the 
standard  catalysts  in  MICTR  tests  were  further  examined  in  the  bench-scale 
apparatus  under  a  broader  range  of  conditions  with  results  substantially  in 
agreement  with  the  screening  test  results.  Further  testing  of  thiB  type  will 
be  done  as  more  improved  catalysts  become  available. 

5.  Our  efforts  to  develop  nonconventional  catalysts  are  basically 

along  two  routes.  One,  to  develop  a  catalyst  which  can  be  coated  on  the 

inside  of  a  heat  exchanger  tube.  The  other,  to  provide  a  catalyst  precursor 

which  can  be  dissolved  or  dispersed  in  the  fuel  and  will  be  converted  in  the 
heated  zone  into  a  volatile  or  dispersed  catalyst  having  the  requisite  acti¬ 
vity  to  bring  about  the  heat  sink  reaction.  A  number  of  thixotropic  formula¬ 
tions  have  been  devised  which,  when  dried  and  platinized,  result  in  a 
catalyst  with  at  least  as  much  activity  as  our  standard  catalyst  and  at  the 
same  time  can  be  converted  into  a  slip  which  can  be  r^olied  to  the  inside  of  a 

catalyst  tube  and  fixed  by  calcining  to  give  an  adherent  coating.  The 

coating  is  then  platinized  in  situ.  Experiments  to  check  the  catalytic 
activity  of  such  surface  catalysts  have  yielded  some  encouraging  preliminary 
information  as  to  the  practicability  of  this  approach.  The  beet  catalysts 
will  be  examined  further  in  FSSTR  experiments. 

In  the  area  of  possible  dispersed,  soluble  or  vaporizable  catalysts 
some  success  has  been  achieved  in  the  past  in  static  experiments  carried  out 
in  a  heated  autoclave.  These  and  additional  possible  catalysts  which  have 
been  prepared  or  purchased  will  be  further  checked  in  two  different  typee  of 
apparatli  which  are  now  in  hand, namely  a  heated  injection  autoclave  and  a 
pulse  type  reactor.  Preliminary  experiments  in  the  pulse  reactor  have  turned 
up  three  model  compounds  which  had  some  activity.  It  is  expected  that  a  large 
number  of  materials  will  be  examined  during  the  next  year. 

6.  The  mathematical  model  devised  to  represent  the  catalytic 
dehydrogenation  of  MCH  based  on  an  axisymmetric  packed  reactor  successfully 
represents  the  reaction  under  various  flow  and  reaction  conditions  (although 
it  had  to  be  modified  to  accept  the  2-ft  reactor  data).  We  have  been  for 
soma  months  past  attempting  to  develop  a  similar  model  for  the  Decalin  system 
utilizing  kinetic  data  obtained  in  the  bench- scale  reactor  with  diluted  beds 
to  supply  the  basic  kinetic  parameters.  So  far  it  has  not  been  possible  tc 
successfully  represent  the  reaction  over  a  wide  enough  range  of  reaction 
variables.  Accordingly,  some  additional  data  was  obtained  in  the  bench-scale 
reactor  using  a  differential  reaction  system  in  order  to  reduce  the  uncertain¬ 
ty  introduced  by  the  indeterminate  temperature  variations.  The  model  now 
seems  to  be  rounding  into  shape.  Similarly,  we  are  attempting  to  develop  a 
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satisfactory  model  for  a  regenerative  heat  exchanger  operating  tinder  the 
condjtlono  anticipated  for  the  near  term  supersonic  combustion  missile  appli¬ 
cation.  Applying  the  model  to  the  data  obtained  in  the  minl-F33TR  results 
in  satisfactory  representation  of  the  data  in  the  supercritical  region  but 
la  less  successful  in  the  critical  and  subcritical  regions.  Additional  work 
cxi  this  model  will  be  done  as  more  experimental  data  are  obtained. 

7.  In  order  to  provide  heat  flux  conditions  closer  to  those  that 
might  be  encountered  under  application  conditions,  a  two-toot  by  three- eighths 
inch  OD  tube  was  constructed  for  the  FSSTR  and  operated  at  heat  fluxes  up  to 
600, OCX)  Btu/hr/eq  ft,  using  R-8  catalyst  with  MCH  feed.  By  introducing 
liquid  MCH  at  70°F  into  the  reactor  tube,  it  was  possible  to  operate  at 
close  to  the  maximum  heat  load  of  the  section;  however,  it  was  evident  that 
catalyst  deactivation  was  beginning  to  occur  at  temperatures  as  low  as  900'F. 
This  was  accompanied  by  a  rise  in  the  exit  fluid  temperature  as  well  as  the 
outside  wall  temperature  and  by  a  decline  in  the  MCH  conversion.  Final 
fluid  temperatures  of  1250°F  were  encountered  and  a  maximum  wall  temperature 
of  1500*F.  For  the  system  involved,  it  appears  that  rapid  coke  buildup 
should  be  anticipated  in  any  region  where  tube  wall  temperatures  are  greater 
than  1350*F  and  fluid  temperatures  above  11500F  are  found.  These  results 
emphasize  the  necessity  for  developing  more  thermally  stable  and  more  active 
catalysts.  Fortunately,  these  have  been  provided  by  our  catalyst  development 
program  and  will  be  tested  in  future  work  in  the  high  flux  section. 

8.  Heat  transfer,  pressure  drop,  and  coking  data  are  being  obtained 
for  candidate  missile  fuels  using  a  short  small  diameter  electrically  heated 
section  substituted  for  the  down  stream  section  of  the  FSSTR  (this  has  been 
dubbed  the  mini-FSSTR) .  The  application  being  modeled  here  is  that  of  a 
nonreactive  heat  sink  in  which  the  fuel  will  not  exceed  900 °F  at  the  outlet 
with  an  Inlet  pressure  not  exceeding  1000  psi.  During  the  recent  year  tubes  4 
or  6  inches  long  by  26.5  Jails  ID  have  been  used  for  the  study  section  and 
nitrogen,  MCH  and  water  have  been  used  an  test  fluids.  With  each  test 
section  fairly  high  heat  fluxes  and  flow  rates  have  been  achieved.  Each  of 
the  first  three  tubes  used  failed  for  one  reason  or  another,  the  first  by 
plugging  with  carbon  and  the  next  two  by  burnout,  although  not  at  the  moat 
severe  condition  encountered.  It  is  suspected  that  fluctuations  in  the  flow 
rate  due  to  uneven  exit  valve  operation  or  to  surging  in  the  feed  pressure 
may  have  been  the  cause  of  the  failures.  It  has  been  shown  that  the  radial 
variation  of  wall  temperatures  which  were  of  alarming  proportions  in  the  case 
of  earlier  work  with  a  3/8  inch  OD  tube  section  also  exists  in  the  small 
diameter  tubes,  although  of  a  lesser  magnitude.  In  the  latter  case,  however, 
we  have  foird  that  this  variation  is  due  to  unequal  thickness  of  the  tube 
wall  and,  hence,  unequal  generation  of  heat  by  passage  of  the  electrical 
current.  Whether  this  was  also  tr.e  case  with  the  3/8  inch  tube  remains  to  be 
seen.  Additional  identical  4  or  6  inch  by  26.5  rail  sections  have  been 
manufactured.  These  were  used  for  experimentation  with  water  and  MCH; 

Decalin  and  SHELIDYNE  H  will  be  the  next  test  fuels,  followed  by  F-71  and 
methane.  Following  this  some  experimentation  with  larger  tube  size  sections 
will  be  dcxie.  A  maximum  heat  flux  of  8.5  x  10°  Btu/hr/sq  ft  has  been  achieved 
to  date. 

9  We  have  two  devices  that  we  have  been  chiefly  relying  on  for 
determining  the  thermal  stability  of  fuels  in  tills  study;  the  SD  coker,  and 
the  CAFSTR.  The  former  is  essentially  an  improved  ASTM  coker  but  va  have 
operated  it  in  a  recycle  mode  in  order  co  conserve  fuel.  In  the  past,  the 
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feed  uection  has  been  at  atmospheric  pressure  and  a  Zenith  pump  has  been  used 
as  a  combination  metorinc  and  pressure  developing  device.  Because  of  the 
considerable  difficulty  we  have  had  with  this  pump  and  the  amount  of  pump 
wear  which  has  occurred,  we  modified  the  SD  colter  to  operate  with  the  whole 
system  under  test  pressure,  using  the  pump  merely  as  a  metering  device. 

This  modification  seems  to  be  quite  successful  and  we  have  used  it  for  ob¬ 
taining  data  on  a  number  of  fuels,  including  SHELLDYNE,  SHELLDYNE  H,  and 
Decalin,  as  noted  above. 

No  operational  problems  have  been  encountered  with  the  CAFoTR. 

Runs  which  have  been  made  to  date  on  it  have  shown  that  the  design  concepts 
were  quite  sound.  The  problem  here  is  to  rate  the  tubes  in  a  meaningful 
manner.  The  three  possible  types  of  evaluations  favored  are  deposit  removal 
by  solvent  action,  deposit  removal  by  combustion  and  deposit  thickness  evalu¬ 
ation  by  electron  recoil.  All  of  these  ore,  hopefully,  nondestructive  to  the 
tube.  A  large  number  of  solvents  were  evaluated  for  their  efficacy  as  deposit 
removers  at  10C°C.  The  only  significantly  promt si  \g  solvent  found  was 
dimethyl  fornuimide.  This  will  be  checked  against  other  evaluation  methods. 
Although  the  conditions  necessary  for  utilizing  combustion  as  an  evaluation 
method  were  checked  out  previously  utilizing  the  CAFSTR  tube  heater  as  the 
heat  source  for  the  combustion,  we  are  also  evaluating  a  method  utilizing  an 
external  furnace  as  the  source  of  the  combustion,  with  the  expectation  that 
this  will  be  less  destructive  to  the  tube,  and,  particularly,  to  the  tube 
heater.  Other  devices,  Including  a  H£  ring  burner,  a  plasma  torch  and  a 
laser  are  under  consideration. 

10.  In  the  past  we  have  been  limited  in  our  ability  to  determine  the 
ignition  delay  of  candidate  fuels  in  our  ehosk  tube  on  the  basis  of  fufcl 
volatility,  since  we  require  a  vapor  phase  mixture  of  the  fuel,  oxygen,  and 
argon  to  charge  into  the  tube.  In  order  to  extend  our  capabilities  int^  the 
higher  molecular  weight  materials  such  as  SHELLDYNE  and  dimethanodecalin 
(DMD)  we  modified  the  tube  to  utilize  electric  heaters  to  increase  the 
ambient  temperature  of  the  fuel,  oxygen,  diluent  mixture  prior  to  carrying 
out  the  shocking  experiment.  It  was  also  necessary  to  eliminate  all  cool 
crannies  which  might  provide  sites  for  condensation.  Thus,  it  was  necessary 
to  replace  the  precision  pressure  gauge  used  in  making  up  the  mixture  with  a 
pressure  transducer.  We  have  now  operated  the  tube  at  an  ambient  temperature 
of  80°C  to  compare  the  ignition  delay  of  DMD,  SHELLDYNE  and  SHELLDYNE  H. 

We  find  this  to  be  the  order  of  decreasing  ignition  delay  (with  the  SHELLDYNE 
H  having  a  delay  approximating  that  of  n-octane).  A  presently  inexplicable 
peculiar  behavior  was  noted  on  a  number  of  occasion  i  with  SHELLDYNE,  which 
gave  two  correlatable  ignition  delay  times  in  the  3ame  experiment.  The 
shorter  delay  was  approximately  the  same  as  that  exhibited  by  SHELLD,rNE  H 
while  the  longer  delay  was  about  the  same  as  that  shown  by  EMD.  Future  work 
is  intended  to  go  to  higher  ambient  temperatures  (and,  hence,  higher  equiva¬ 
lence  ratios)  for  these  and  other  high  molecular  weight  molecular  types, 
and  to  higher  pressures  for  a  range  of  molecular  weights.  We  also  hope  to 
improve  the  sensitivity  of  the  IR  detection  system  to  enable  us  to  follow 
more  precisely  the  production  of  C0a  and  hence  the  combustion  rate  during 
the  reaction. 


11,  We  are  keeping  in  constant  touch  with  improvements  being  made 
in  the  various  correlation  schemes  for  computer  production  of  properties  of 
various  molecules.  We  are  utilizing  two  proprietary  programs,  the  Stemling 
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Brown  and  the  PCP  program  as  well  as  the  A.  I.  Ch.  E.  program  (in  part).  We 
have  also  taken  advantage  of  a  proprietary  effort  to  calculate  the  properties 
of  molecules  from  the  molecular  structure.  We  utilized  this  in  connection 
with  the  correlative  programs  to  determine  the  properties  of  SKELLDYNE  over 
a  brood  range  of  temperature  and  pressure.  We  have  also  similarly  calculated 
the  properties  of  a  JP-7  type  fuel  (F-71)  and  trans-Decalin,  Unfortunately, 
each  time  the  properties  are  calculated,  we  have  to  make  the  proviso  that 
theae  are  oubject  to  revision  at  some  future  date  if  better  experimental 
data  or  improved  calculation  methods  become  available.  We  must  do  so  in 
the  present  instance. 

12.  Decalin  hen  a  number  cf  advantages  as  an  endothermic  fuel 
(compared  to  MCIl),  mainly  in  its  lower  vapor  pressure,  higher  density,  and  its 
better  thermal  stability  ar.d  lubricity.  In  order  to  have  an  adequate  supply 
of  this  material  on  hand,  we  obtained  thirty  drums  from  the  Air  ^orce  fuel 
bank  (RAF-I6I-60).  This  had  been  in  storage  olnce  i960.  In  spite  of  the 
fact  that  it  was  inhibited,  care  taken  in  the  selection  of  the  material 
and  tho  low  temperature  storage  conditions,  its  color  and  thermal  stability 
had  deteriorated  substantially,  Laboratory  work  showed  that  it  could  be 
regenerated  by  silica  gel  treatment,  so  this  operation  was  carried  out  on 
the  thirty  drums,  resulting  in  a  material  of  practically  pristine  quality. 

Some  of  this  material  has  been  supplied  to  Pratt  and  Whitney  and  to  the  Air 
Force  at  Wright  Field.  Interestingly,  the  Impurity  removed  seemed  to  be 
fairly  simple  in  character  and  relatively  volatile  containing  three  major 
components  of  about  the  same  emergence  time  from  a  GLC  column  as 
naphthalene.  A  considerable  quantity  of  this  material  was  desorbed  from  the 
silica  gel  column  used  in  the  thirty  drum  purification  and  will  be  examined 
further  to  try  and  identify  the  materials  responsible  for  the  poor  the  mail 
Stability  behavior  of  the  Decalin.  The  material  also  had  vesicant  properties, 
causing  a  severe  dermatitis  to  susceptible  individuals. 
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Description  of  th»i  Pulse  R«actor 

The  pulse  reactor  vis  a  lA  In.  OD  slainloes  steel  tube  (no.  30M  , 

9-1 A  In.  long  *nd  0.02S  In.  vail  thlcV.ness.  Swagelok  Teec  wore  fastened  at 
carh  and  and  one  am  of  the  Toe  served  es  an  Injection  port.  A  rubber  septum 
( QUJ  type)  vaa  hold  in  place  by  the  fitting  nut  and  the  feed  was  injected  • 

tlirough  this  ocptuni  from  a  syringe.  A  five  inch  length  of  the  reactor  tube 
was  eurroundcd  by  a  secondary  furnace  liner  and  tbe  whole  was  heated  by  an 
electric  furraoe.  The  oecondary  liner  had  oovon  radial  drilled  holea  for 
thermocouple.1*,  and  the  holea  vert  located  aa  shown  in  Figure  67.  A  schematic 
diagram  of  the  pulse  reactor  io  shown  in  Figure  68. 

All  lines  vf re  lA  in.  OD  atalnloaa  trteel  tubing  (no.  JOU).  About 
29  in.  of  line  Juart  prior  to  the  reactor  vaa  wrapped  with  heating  tape  and  . 

constituted  a  grs  preheater.  About  8  in.  of  the  preheater  section  was  filled 
with  quartz  chips  (10-20  mesh  size). 

In  the  pulse  reaotor  system  ths  carrier  gas  waa  metered  through  a 
rotameter  ( Figure  68)  and  passed  through  the  preheater  section  and  into  the 
reaotor.  The  exit- i gas  passed  into  a  manifold  and  then  into  the  GLC.  The 
purpose  of  the  manifold  was  to  maintain  the  exit  gas  pressure  slightly 
greater  than  the  gas  pressure  In  the  GLC.  This  was  done  by  adjusting  the 
pleasure  oontrol  valve  and  the  vent  valve.  The  manifold  was  wrapped  with 
heating  tape  and  wan  maintained  at  y>2*  to  3$6*F.  Tbe  injection  port 
temperature  was  about  k50*r.  The  pressure  control  and  the  vent  valves  were 
neetle  valves  (Hoke  No.  1315)  and  the  GLC  valve  was  a  lever  operated  valve 
(Hoke  No.  A 90). 

To  carry  out  an  experiment  the  reactor  waa  brought  to  temperature 
and  the  carrier  gas  flow  rate,  reaotor  pressure  and  manifold  pressure  were  * 

adjusted  by  moans  of  the  appropriate  flow  control  valves.  Then  with  inert  gaa 
flowing  to  thw  dLC  a  pulse  was  injected  through  the  lever  injection  port  and 
subsequently  analysed.  This  gave  an  analysis  of  the  starting  material.  A  • 

pulse  was  then  injooied  In  the  +  cp  injection  port,  paused  over  the  catalyst 
and  analysed. 

Ir.  thia  (ystem  the  space  valoH+y  ,.**s  obtained  from  tbe  inert  gas 
flow  rate,  figure  <9  shews  tbe  pulse  reactor  system  with  thu  secundn\*y 
furnaoe  liner  In  place;  Figure  Tn  shows  the  QIC  analysis  system. 
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Table  6l.  DPHYOnOOSMATION  OF  DECALIH  OVER  SHELL 
ggUBCRArORX  CATALYST 


Catalyst  Volume: 
LHSV: 

Reaction  Tine: 


7  ml  Feed: 

100 

30  min 

Pressure: 


F-113  Decalin 
74. 6f  cie-DHN 
25. of)  traos-PHN 

0  M  THH 
10  atm 


kun  No. 

Teaparature,  *F 

Block 

842 

932 

1022 

1112 

1204 

(all 

72S-29 

794-90 

853-60 

941-52 

1094-98 

Cat el yet  Bat:  Profit 

604-11 

639-53 

673-69 

716-40 

bOl-66 

597-95 

630  -  35 

662-66 

704-07 

774-64 

6O6-1O 

640-44 

676-60 

725-25 

799-95 

5JT-2I 

655-57 

698-59 

153-50 

637-30 

13 

14 

IS 

24 

65 

Product  Analy-ile,  fa 

trtna'OWI 

34.2 

29.7 

24.5 

16.6 

11.9 

ela-OHN 

23.1 

20.1 

!6.7 

13.4 

11.9 

u»>) 

0.0 

0.0 

0.0 

0.1 

0.9 

m 

20.5 

16.4 

ll.l 

6.1 

54) 

ufc) 

0.0 

04) 

04) 

04) 

0.0 

N 

21.4 

33.6 

47.9 

60.5 

67.6 

U») 

0.2 

0.2 

0.3 

0.4 

0.5 

Cracked,  II q. 

0.0 

0.0 

0,0 

0.5 

2.2 

Ylald  THH,  %* 

20.! 

164) 

10.7 

5.1 

4.6 

OHN  Convert Ion,  fa 

41.9 

50.0 

59.2 

67.9 

81.2 

Selectivity  tor  THH  *  N,  Ja 

99.5 

99.2 

99.0 

98.1 

89.0 

Rata  C one t inti 

iaro  Order,  ata,  aac*1 

4.02 

5.05 

6.30 

7.73 

10,22 

FI rat  Order,  tec'1 

0.52 

0.70 

0.95 

1.29 

2.10 

*act'  kcal/aela 

e - 1 

a)  Uaalaua  Inert m  In  catalyst  tad  taaperature  during  the  30  alnute  run. 

b)  Unidentified. 
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Table  62,  DEHYTlROOFNATTON  OF  PECALIN  OVER  SHELf,  106 
LABORATORY  CATALYST 


Catalyst  Volume 
IHSV: 

Reaction  Time: 
Run  No.: 


7  ml  Feed: 

100 

30  min 
10348-5 

Pressure: 


F-113  Deoalin 
74. 6£  oia-DKN 
2S.0£  trans-DHN 
C.V.;  THN 
10  atm 


f  Temperature,  *F 

Block 

842 

932 

— 

I  1022 

1112 

1202 

Wall 

709-11 

768-72 

638-42 

916-14 

1008-22 

Catalyst  Bed  Profile 

617-28 

653-66 

689-705 

732-54 

822-946 

615-21 

651-55 

687-91 

730-34 

806-37 

624-26 

662-66 

705-07 

756-54 

830-33 

635-37 

676-80 

725 

784-80 

862-56 

^rnax' 

11 

13 

16 

22 

124 

Product  Analysis,  l£w 

trans-DHN 

>0.5 

27.4 

23.3 

10.1 

11.6 

cia-DHN 

32.1 

27.8 

22.4 

19.1 

16.9 

Ub) 

0.0 

0.0 

0.0 

0.0 

0.5 

THN 

Ub) 

14.6 

10.5 

7.0 

4.9 

5.2 

0.1 

0.1 

0.1 

0.1 

0.3 

N  1 

Ub) 

22.6 

34.0 

46.8 

56.8 

62.0 

0.1 

0.2 

0.3 

0.5 

0.4 

Cracked,  liq. 

0.0 

0.0 

0.1 

0.5 

3.1 

Yield  THN,  tfw 

la. 2 

10.1 

6.6 

4.3 

4.8 

DHN  Conversion,  *j£v 

37.o 

44.6 

54.1 

62.4 

71.1 

Selectivity  for  THN  ♦  N,  fw 

99.5 

99.3 

98.7 

97.9 

94.0 

Rate  Constants 

Zero  Order,  atm,  sec*"* 

3.3) 

4.43 

5-69 

6.91 

8.42 

First  Or^er,  sec  1 

0.44 

0.59  J 

0.82 

1.08 

1.48 

E^,  kcal/mole 

< - 9 

.1 - > 

1 — zzj: - ! _ l _ l _ 

a;  Maximum  increase  in  catalyst  bed  temperature  during  the 


JO  minute  run. 
b)  Unidentified. 
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Tab  la  63.  DKHYPROGt?(ATICN  OF  DECALIN  OVER  SHELL 
I07A  IABORATORY  CATALYST 


Catalyst  Vol. : 
LHSV: 

Reaction  Time: 
Run  No. : 


7  «1  Feeds 

100 

30  min 
10342-196 

Pressure: 


F-113  Decalin 
74.6*  cie-DKN 
25. 0*  trans-EHN 
0.44  TON 
10  atm 


Run  No. 

196 

197-1 

I9B.I 

ISB-2 

199-1 

199-2 

199-3 

Teepereturs,  *F 

1 1 1 2C) 

m:*) 

1112*) 

Hock 

842 

932 

1022 

1112 

Sail 

714-25 

788-801 

666-96 

945-1078 

1085-87 

1067 

1087-92 

Cat el yet  M  Profile 

646-62 

687-712 

740-815 

801-1064 

1071*56 

1058-54 

1054-72 

612-17 

642-55 

680-707 

722-1036 

1046-54 

1054 

1054-67 

610-14 

642-48 

676-86 

722-959 

936-1031 

1031-40 

1040-60 

626-28 

682-68 

705  49 

761-907 

923-I0C6 

•006-35 

1035-53 

itmi,  v) 

16 

25 

75 

314 

- 

- 

ee 

Product  Aiialyala,  U 

trene-OIM 

30  Jl 

274 

23.2 

19.2 

224 

24.4 

25.2 

cts-OHH 

30.0 

26.2 

22.5 

26.5 

52.2 

59.3 

60.9 

0*») 

04 

04 

0.3 

3.9 

94 

74 

6.2 

tw 

17.2 

13.6 

8.1 

8.3 

3.7 

2.3 

2.1 

«*») 

0.0 

04 

0.1 

0.4 

2.2 

14 

1.5 

B 

214 

324 

444 

42.3 

7.7 

2.7 

14 

yb) 

0.2 

0.2 

0.2 

0.2 

04 

04 

04 

Cracked,  llg. 

04 

04 

0.1 

1.2 

2.4 

2.4 

2.6 

Yield  mN,  U 

16.8 

13.2 

8.7 

5.9 

3.3 

14 

1.7 

DIM  Conversion,  U 

364 

46.1 

54.1 

54.1 

25.2 

164 

134 

Selectivity  for  THN  *  I,  U 

99.5 

994 

98.7 

89.4 

434 

284 

23.8 

Seta  Comtente 

Zero  Order,  ate,  etc*1 

3.71 

4.68 

5.86 

6.44 

• 

ee 

» 

First  Order,  etc’1 

lM{,  kcal/tols 

0.47 

- - 6. 

0.S3 

5— *> 

045 

0,93 

ee 

ee 

ee 

a)  Ifcuiaus  IttreeM  In  ceUlyst  bed  teapereture  during  the  30  ilnutt  run. 

b)  Unidentified. 

c)  Rum  199-1,  199-2,  199-3  *are  coneecutlve  rum  of  10-elnutn  duration  (o  I  loving  Run  198-2. 
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Table  64.  DEKYPROGENATIfN  OF  DECALIN  OVER  SHELL 
Q1A  LABORATORY  CATALYST 


Catalyst  Vol.* 
IHSV: 

Reaction  Time: 
Run  No. : 


7  ml 
100 

30  min 
10342-180 


Feed: 


Preseuro: 

LH£V: 


F-113  Decalin 
74.6#  cis-DHN 
25. 0#  trana-DHN 
0.4#  THN 
10  atm 
100 


1? 


Temperature,  *F 

842 

Block 

932 

1022 

1112 

12CC; 

Wall 

705-09 

770-77 

842-48 

918-25 

1010-82 

Catalyst  Bed  Profile 

637-50 

680-702 

730-66 

794-869 

916-1121 

617-15 

640-51 

676-89 

729-47 

806-968 

621-17 

644-53 

682-89 

736-43 

004-51 

624-21 

653-57 

693-94 

752-40 

820-31 

13 

22 

36 

50 

205 

Product  Analysis, 

21.4 

trana-DRN 

31.0 

26.1 

16.8 

11.5 

cis-CHN 

Ub) 

29.8 

27.6 

23.5 

21.4 

18.0 

0.0 

0.0 

0.0 

0.4 

1.6 

THN 

ub) 

18.7 

14.3 

10.3 

6.4 

5.1 

C.l 

0.3 

0.3 

0.0 

0.0 

w  . 

20.3 

31.5 

44.2 

54.4 

60.4 

Ub) 

0.1 

0.2 

0.2 

0.3 

0.3 

Cracked,  liq. 

0.0 

0.0 

0.1 

0.3 

3.1 

Yield  IHN,  iv 

1B.3 

13.9 

9-9 

6.0 

4.7 

DUN  Conversion, 

39.0 

46.1 

54.9 

61.6 

68.8 

Selectivity  for  THN  ♦  N,  fv 

99.5 

96.1 

98.7 

98.3 

95.0 

Rate  Constants 

Zero  Order,  atm,  sec"1 

3.68 

4.60 

5.80 

6.88 

8.38 

First  Order,  eecf1 

W  kcal/mole 

0.47 

< - 6 

0.61 

3 - > 

0.88 

1.07 

.  ,1 

1.42 

-ZZ2. - 1 - : _ I _ k 

a)  Maximum  increase  in  catalyst  bed  temperature  during  the  30 


minute  run. 
b)  Unidentified. 
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Table  fe.  DEH7DR00ENATI0N  OF  DECALIN  OVER  SHELL 
1QSB  LABORATORY  CATALYST 


Catalyrt  Vol. : 
UJSVs 

Reaction  Time: 
Run  No. : 


7  ml  Feed: 

100 

50  min 
188 

Pressure: 

UtSV: 


F-115  Decalin 
74.6*  ois-EHN 
25.0*  trans-CNN 
0.4*  THN 
10  atm 
100 


Temperature,  *? 

Block 

842 

952 

1022 

1112 

1202 

Wall 

707-09 

763-65 

827-33 

898-910 

ice8-ii48 

Catalyst  Bed  Profile 

626-53 

658-69 

700-20 

756-831 

974-1130 

621-26 

655-60 

695-98 

738-61 

869-1106 

62 4-26 

657-62 

693-98 

740-52 

842-1064 

632-35 

665-69 

707-09 

759-63 

65I-IOO6 

&mx>  ’*•* 

7 

11 

20 

75 

237 

Product  Analysis,  *w 

trans-CRN 

52.4 

P6.9 

21.0 

15.9 

12.9 

oif-CHN 

Ub) 

28.1 

0.0 

25.2 

0.0 

22.2 

0.0 

21.7 

0.0 

31.9 

0.5 

THN 

Ub) 

17.0 

13.6 

9.5 

5.4 

5.4 

0.0 

0.0 

0.0 

0,0 

0.1 

N  t 

Ub) 

22.4 

34.1 

46.9 

56.3 

45.3 

0.1 

0.2 

0.3 

0.3 

0.2 

Cracked,  liq. 

0.0 

0.0 

0.1 

0.4 

3.7 

Held  TON,  *v 

16.6 

13.2 

9-1 

5-0 

5.0 

DHN  Conversion,  *tf 

39.3 

47.7 

56.6 

61.9 

55.0 

Selectivity  for  THN  N,  *v 

99.5 

99.4 

99-2 

99.2 

91*7 

Rate  Constanta 

Zero  Order,  atm,  sec”1 

3.71 

4.73 

5-91 

6.83 

w 

First  Order,  sec  1 

0.47 

0.64 

O.87 

I.07 

- 

Vit<  koal/mole 

— : "’■!  — :  '■  1  — 

■*  -  ■  ft  1 

5 

TJ Maximum  increase  in  catalyst  bed  temperature  during  the  50 
minute  run. 
b)  Unidentified. 
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OLC  Analysis  System 

Analyses  for  naphthene  dehydrogenation  systems  have  been  made 
almost  entirely  with  an  F  A  M  OLC  (Models  710  and  5754A)  using  a  peeked  column 
and  a  thermal  conductivity  detector.  This  technique  is  useful  for  rapid 
analyses  and  for  determining  trace  amounts  of  material;  but  for  analysing  mix¬ 
tures  of  close  boiling  compounds,  such  as  ois  and  trans  isomers  of .poly  methyl 
and  ethyl  substituted  oyclohexanes,  a  capillary  column  is  needed. •/  As  future 
work  on  fuel  evaluation  will  involve  analyses  of  multicoopunent  systems 
having  a  multiplicity  of  close  boiling  components.  It  was  expedient  to  convert 
our  analysis  system  to  the  capillary  technique. 

At  present  our  analyses  are  being  mode  with  an  F  A  M  OLC,  Model  5754A 
using  a  hydrogen  flame  detector  and  a  1 65 1  stainless  ateel  capillary  column, 
0.010"  diameter,  coated  with  20%  phenyl  ethers  in  DC  710  silicone.  The 
superior  resolution  of  the  capillary  column  over  a  packed  column  is  shown  by 
chromatograms  of  a  mixture  of  diethylcyclohexane  isomers  and  their  cis  and 
trans  species  that  were  analysed  by  the  capillary  (Figure  ?l)  and  packed 
column  (Figure  ?2)  techniques. 

Micro  Catalyst  Test  Reactor  Data 

The  micro  catalyst  test  reactor  (MICTR)  and  the  operational 
techniques  used  for  screening  candidate  catalysts  have  been  described  In  the 
Appendix  of  the  last  Annual  Report. 0 '  Catalysts  are  tested  with  MCH  at  LKSV 
150  and  662,752  and  842#F  and  with  n- heptane  at  LHSV  10  and  842  and  952*F, 
in  all  oases  at  10  atm  pressure  without  added  hydrogen.  Figures  87  through 
89  of  ref  19  show  the  apparatus  In  detail,  except  that  the  feed  line 
pressure  gauge  haa  been  eliminated  to  reduce  feed  line  hold  up  and  a  check- 
valve  Installed  to  prevent  accidental  "blow-beck". 

The  original  Wheeloo  Integrating  reoarder  ( far  CL3  peaks)  became 
unserviceable  and  was  replaced  after  run  291  by  a  Honeywell  Integrating 
recorder.  This  in  turn  vss  replaced  by  a  Vestronic  integrating  recorder 
starting  with  run  531.  Starting  with  run  277,  a  small  screen  was  placed 
above  the  bottom  slotted  separator  in  the  MICTR  tube.  This  was  done  to 
prevent  an  occasional  small  catalyst  or  quarts  particle  from  plugging  the 
slot  which  would  cause  ar.  increase  in  beck-pressure  end  a  corresponding 
decrease  in  conversion  over  catalysts  under  test.  At  least  once  a  week  tbs 
reference  catalysts  9874-24  or  159  were  retested  and  the  results  used  as  e 
bene  point  far  performance  evaluation  of  candidate  catalyeta  tested  for  that 
particular  week.  The  test  results  are  shewn  chronologically  in  Tables  66, 

67,  68  and  70.  Table  6h  gives  preliminary  results  with  costing  candidates 
es  described  earlier.  A  few  runs  have  been  left  out  where  mechanical  or 
Instrumental  problems  occurred  and  the  validity  of  the  data  are  in  doubt. 

In  such  cases  the  catalysts  were  retested. 


a)  An  excellent  diecusaVon  of  the  usefulness  of  various  GLC  techniques  is 
given  by  L.  S.  Ettre  in  "Open  Tubular  Columns  in  Oas  Chromatography", 
Plena  rr  Press,  New  York,  196*5. 
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Tsblo  69.  KCH  DEMYDEOCFNAIION  WITH  VARIOUS  CATALYSTS 
IN  MICTR;  VARIO'-’S  SUPPORTS 
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SDA^-T  Colter  FluahJr-g  Prooodura 

To  aeaura  adequate  ooker  cleaning  and  avoid  contamination  from 
cold  tone  dopoiita  of  prior  runs,  a  standardized  solvent  washing  procedure 
has  been  adopted. 

After  the  teat  fluid  hac  been  drained  and  the  preheater-filter 
saosmbly  re.-cvod,  a  1/4"  u.s.  line  la  installed  so  that  fluid  circulation 
can  be  carried  out.  Tha  water  to  the  cooler  la  disconnected  and  replaced 
with  a  steam  supply.  This  allova  the  system  to  be  flushed  with  hot  solvents. 
Further,  the  jump  speed  la  increased  to  give  ee/eral  fold  the  normal  6  lb/hr 
flow.  The  following  sequence  of  solvent  flushes  has  bean  found 
satisfactory. 

1st  Flush: 

3olvent  by  volume:  1/3  Dimethyl  Formamlda 
1/3  Toluene 
1/3  Aoetone 

Experience  has  shown  that  one  1 5- minute  flush  with  this  potent 
solvent  mixture  la  sufficient  to  remove  all  deposits  which  might  othervi.se 
be  dissolved  by  the  warm  hydrocarbon  teat  fuel. 

2nd  Flush  Series: 

Solvent  by  volume:  1/3  Toluene 
l/S  Acetone 
Ifi  Ethyl  Aoetate 

A  minimum  of  2-13  minute  flushes  are  made,  or  as  many  as  required 
to  produce  a  water-white  effluent. 

3rd  Flush  Strieo,  Three  Final  15  Minute  Washes: 

Solvent  by  volume:  Normal  Heptane 

Following  the  final  wash,  the  system  Is  opened  to  atmospheric 
pressure  at  various  points  and  each  segment  dried  with  compressed  nitrogen. 

Finally,  the  teat  units  are  replaced,  the  system  closed,  and 
about  25  In.  Hg  vaouum  Imposed  for  at  least  20  minutot.  The  test  fuel  Is 
drawn  In  at  the  end  of  this  period,  with  the  vacuum  still  on.  Besides 
drawing  residual  solvent  out  of  the  system,  the  vaouum  reduces  trapped 
pookets  of  air  and  so  helps  to  equilibrate  the  fuel  with  the  sparge  gas 
which  has  the  proper  oxygen  content. 

Purification  of  RAF-161-60  Decal in 

Dectlin  has  a  number  of  advantages  as  an  endothermic  fuel,  mainly 
Its  lower  vapor  pressure  and  its  better  thermal  stability  (compared  to  MCH). 
In  order  to  have  an  adequate  supply  of  this  material  on  hand,  we  obtained 
thirty  drums  from  the  Air  Force  fuel  bank  (RAF-161-60).  This  had  been  in 
storage  einoe  i960.  In  spite  of  the  faot  that  it  was  Inhibited,  and  care 
taken  in  the  aeleotlon  of  the  material  and  the  low  temperature  storage 
conditions,  its  color  and  thermal  stability  had  deteriorated  substantially. 
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Staples  of  this  material  were  enalyzsd,  purified  and  than  evaluated  in  the 
bench- scale  reactor  by  comparing  the  reaotJvib/  and  stability  for  deh^dro- 
genations  with  that  of  our  r'-llj  Decal  in.  This  work  was  undertaken  to 
devise  a  means  of  purifying  the  15CO  gal  of  Dooalin. 

Analysis 

The  compositf ons  of  the  various  drums  vex?  determined  in  our 
laboratory  by  standard  GLC  techniques.  Analyses  vere  made  of  druiia  1,  2,  1 6 
17  and  of  mixtures  from  drums  3  to  15  and  from  16  to  JO  with  the  following, 
results  (Tabic  71). 


Table  71.  OLC  ANALYSES  OF  RAF-l6l-60  DECALIN' 


Drum  No. 

trsns-DHN,  *,i 

ois-DHN,  *i> 

THN,  $ 

1 

33.2 

66,0 

0.8 

2 

>3.£ 

66.0 

0.8 

3-15  mixture 

33.7 

65.5 

0.8 

16 

33.1 

66. 1 

0.8 

17 

34.0 

65.1 

18-30  mixt’irfl 

33.6 

65.3 

mam 

On  the  basis  of  the  above  analyses  it  was  concluded  that  the  Dooalin  probably 
came  from  the  same  lot  and  that  a  purification  procedure  worked  out  for  one 
of  the  drums  would  be  suitable  for  the  "omplete  lot. 

Sulfur  content  of  the  material  as  received  was  low  and  analysis  of 
one  drum  Showed  2.5  ppm  S. 

Purification  and  Evaluation 

In  previous  work  with  Deoelln  the  standard  pretreataent  vaa  to  pass 
the  decalia  through  a  1-in,  diameter  by  12-in.  long  silica  gel  column,  A  high 
purity  Davison  Grade  950,  60-200  mesh  silica  gel  was  used  for  this  purpose. 

As  this  material  was  suitable  for  r  emoving  color,  olefins  and  sulfur,  it  vsa  of 
interest  to  see  if  a  silica  gel  treatment  would  purify  the  JO  drums  of  decalin 
satisfactorily.  For  this  purpose  both  Davison  Grads  950  (high  purity;  60-200 
mesh)  and  Grade  20  (lees  pure;  20-1*0  mesh)  were  tested.  The  cost  of  the  former 
was  about  ’’.'7,00/lb  and  that  of  Grade  23  was  5M/lb.  Both  gels  appeared  to  be 
equally  effective  in  removing  the  color  impurities  (visual  inspection),  neither 
gel  lowered  the  sulfur  content  below  2  ppm, and  both  gels  improved  the  reactivity 
of  the  decalin  and  the  stability  cf  the  catalyst  markedly  over  the  decalin  as 
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received  (Table  72)  t  when  tested  at  10  atm  pressure,  10P2*F,  «uid  IliiV  of  100. 
fbr  example, with  the  untreated  decalin  "59» 5. 1  c*  nvoxaioa  and  a  catalyst  tempera¬ 
ture  increase  of  d’trJng  tin*  run  vaa  observed, while  for  decalic  passed 

through  a  12-in.  silica  gol  column,  48*,)  converuion  and  catalyst  bed  temperature 
increases  of  ?8*  to  47*F  were  observed.  The  increase  in  catalyst  bed  tempera-  . 

ture  during  the“run  was  token  as  a  measure  of  catalyst  deactivation.  In  these 
tests  the  Grade  i.0  silica  gel  appeared  Just  as  effective  as  the  more  costly 
Grade  950.  ',iiua,  it  appears  that  for  catalytic  dehydxcgonation  a  silica  gel 
treatment  of  the  RA7-161-60  will  be  satisfactory. 

Tests  were  also  done  to  see  if  the  si.’.ic  i  gal  treatment  would  improve 
the  thermal  otabllity  to  an  acceptable  value,  and  also  -o  determine  how  much 
silica  ,-^el  would  be  needed  to  purify  the  jO  drums  cf  Decal  In.  The  treatment 
consisted  in  passing  PHN  through  a  silica  gel  colutn  (?-in.  diameter  x  11-in.  * 

long,  ca  500-600  ml  volume)  oral  collecting  the  effluent  in  500-600  ml  samples. 

6team-Jet  gum,  microgum  and  Erdco  Colder  tests  were  then  done  on  the  nompleo. 

Because  the  DUN  as  received  was  colored,  a  light  transmission  laeasurement  • 

(Beckman  DU  Spectrophotometer)  was  carried  out  concurrently  on  the  effluent  to 
•06  if  the  DUN  purification  could  be  monitored  by  a  light  transmission  technique. 

Steam-Jet  gum,  micro gum,  and  spectrophotometric  light  transmission 
observations  of  successive  sampler  shoved  that  Grade  95°  ®nd  Grade  P.0  silion 
gels  were  not  depleted  until  Just  after  40  to  1  and  60  to  1  volumes  of  decalin 
per  volume  of  silica  gel  hod  been  treated,  respective; y.  The  depletion  of 
silica  gel  activity  was  very  sharp  in  each  case  and  corresponded  to  the  exact 
time  when  the  visual  color  band  reached  the  bottom  of  the  silica  gel  column. 

No  gradual  change  in  purity  of  the  effluent  was  observed  in  either  case. 

Table  73  shows  a  comparison  of  the  effectiveness  of  the  two  grades 
Of  silica  gel  for  material  taken  as  near  the  silica  gel  depletion  point  as 
possible,  considering  the  volume  of  sample  required  for  a  test.  However, 
for  the  coker  tests  thio  smo unted  to  about  3  gal,  or  about  the  laot  20  . 

volumes  prior  to  the  break  point.  A  slightly  better  result  was  indicated  by 
light  transmission  for  the  Grade  950  compared  to  the  Grade  28  near  the 
saturation  point,  but  this  is  probably  not  significant.  Grade  950  also 
looked  a  little  better  in  the  coker  results,  but,  once  more.,  the  difference 
ia  so  email  as  to  be  of  doubtful  significance.  The  most  interesting  result 
was  that  Grade  20  purified  about  501"  more  Decalin  than  Grade  950,  despite 
the  coarse  grain  size  of  the  former  (20-40  mesh  vb  60-200  nech).  Treating 
rates  were  kept  about  equal  by  use  of  a  stopcock  flow  control  on  the^Grade  j 

20  column.  A  second  Important  observation  was  the  approximately  300*F  j 

improvement  in  thermal  stability  effected  by  silica  gel  treatment.  I 

No  significant  differences  were  observed  in  gum  contents.  Inter¬ 
estingly,  the  Decalin  had  s  rather  marked  yellow  color  prior  to  treatment. 

The  colored  material  was  found  to  be  rather  volatile  so  that  most  of  it  was 
vaporized  in  both  gum  tests.  Hence,  the  effectiveness  of  the  silica  gel 
was  not  properly  disolosed  by  the  gum  analyses.  Attempts  will  be  made  to 
oharaoterize  the  adsorbate  since  it  appears  to  have  such  a  deleterious 
effect  on  thermal  stability. 
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Table  73  .  COMPARATIVE  EFFECT  I  VE^JS  OF  DAVISON  GRADES  950  AND  28  SILICA 
GEL  IN  THE  PURIFJTaTION  OF  RA  ’-161-60  DEGALIN 


Analytical  Teat 

RAf~l6l~60 
"As  Received" 

RAF-161 -60 
Treated  at  40:1 
With  Grade 

950  SiOa 

raf-i6i-6o 

Treated  at  60:1 
With  Grade 

28  SiOa 

Steam- Jet  Oust,**)  mg/lOO  ul 

0.6  t  0.5 

0.5  t  0.3 

°-°  * 

Microgum,0)  mg  carbon/lOO  ml 

0.16  t  0.02 

0.07  ±  0.03 

0.09  i  0.02 

Erdco  Coker, d>  2J0  paig,  •* 
3C0 

It  00 

475 

625 

V2J.5 

6/32*5 

•re 

1  1  1 ,8 

m 

4/24 

Light  Transmission,6)  > 
(relative) 

flo.o 

100.0 

97.5 

20-40  tr-eeh, 

b)  ASTM  Method  Designation:  D331-61T  (450*F,  uteara,  atmospheric  pressure) . 
o)  Mothod  described  in  Technical  Documentary  Report  No.  APL  TDR  64-100, 

Part  II,  pp,  180-187  (500*F,  nitrogen,  <2  ms  Hg  pressure). 

d)  Coker  operating  conditiona:  fuel  flow,  J  lb/hr;  preheater  and  filter 
ot  name  temperature:  air  saturated  fuel,  but  helium  gas  drive. 

e)  Beckmtui  Model  DU  Speotrophotometer,  550  mp  vavelength;  1  cm  thick  cello. 
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Purification  of  a  JO-Prua  Batch  ef  Decaiin 

Following  laboratory  investigation  of  purification  techniques  we 
have  purified  the  entire  >0  drum  batch.  The  quality  of  the  product  obtained 
was  equal  to  that  of  the  laboratory  product. 

The  equipment  for  this  process  consisted  of  a  stainless  steel  tank 
about  5  feet  high  and  18  inches  in  disaster,  filled  to  a  level  of  J.3  feet 
with  the  Davieon  Grade  28  (20-U0  mesh)  silica  gel.  The  column  was  prepared 
initially  by  pulling  a  vacuum  of  about  29"  Hg  on  the  silica  gel  with  the 
vessel  tightly  closed.  After  several  hours  at  thic  pressure,  about  20  gala 
of  laboratory  purified  Dec alia  was  drawn  into  the  column  to  vet  the  gel. 

The  column  was  then  filled  with  unpuxifled  Decal  in  to  within  a  couple  of 
inches  of  the  top. 

During  operation,  Decaiin  was  pressured  into  the  top  of  the  column 
from  an  original  drum  at  the  rate  of  about  55  2*1  per  7  hours,  end  was 
allowed  to  percolate  down  through  the  silica  grl  bed  and  flow  into  a  fresh 
epoxy-lined  drum  (the  first  product  was  recycled).  Flow  was  monitored  with 
a  needle  valve  and  rotameter,  and  samples  were  taken  at  the  beginning  and 
end  of  each  drum.  In  operation,  a  drum  was  put  on  stream  in  the  morning  and 
taken  off  at  night,  requiring  little  attention  during  the  day  since  the 
pressuring  gas  (N2)  was  automatically  controlled.  Liquid  level  in  the 
column  was  maintained  above  the  level  of  the  gel  bed  at  all  times.  After 
the  samples  had  been  checked  s  pec  tro  photo  metric  ally  by  comparison  with  a 
"pure"  reference  sample,  the  drum  was  then  pumped  into  a  clean  epoxy- lined 
1500  gal  tank.  The  total  30  drums  were  finally  stirred  thoroughly  in  the 
large  tank  by  vigorous  bubbling  with  nitrogen  to  assure  constant  composition 
during  usage. 

A  Beckman  Model  DU  Spectrophotometer,  at  350  mu  wavelength  with  1 
am  quartz  cells,  was  used  for  the  light  transmission  measurements.  Light 
transmission  was  improved  ca.  25  percent  by  the  allies  gel  treatment,  with 
no  significant  variations  in  the  quality  of  Bamples  during  the  JO  drum 
treating  process.  Thus,  up  to  a  volume  ratio  of  about  39s 1,  Grade  28  ailic-i 
gel  performed  its  purification  function  without  lose  in  effectiveness  (150 
lbs  or  5.U  cu.  ft  cf  silica  gel  for  JO  55-gal  drums).  Previous  laboratory 
results  showed  the  Grade  28  silica  gel  would  purify  RAF-I6I-60  without 
loss  in  effectiveness  until  a  ratio  of  60:1  was  reached,  after  which  purify 
declined  rapidly.  As  can  be  seen,  better  than  a  50  percent  safety  margin 
was  allowed  in  the  large  scale  treating  r.etup. 

The  1500  gal  tank  is  kept  under  nitrogen  blanket  at  all  times,  and 
the  Decaiin  has  been  nitrogen  blanketed  at  all  times  since  purification. 
Subsequently,  J  drums  of  this  twxified  Decaiin,  now  designated  F-13T,  hao 
been  shipped  to  Pratt  and  Whitney  Aircraft  (Florida),  2  drums  to  Vright- 
Patter3on  AFB,  and  1  gal  to  Edwards  AFB.  The  balance  is  oeing  used  in  our 
own  heat  transfer  and  thermal  stability  testing. 


-  251  - 


AFAPI/-TR~6T“H4 
Part  II 


Some  of  the  adsorbate  wee  removed  from  the  column  by  flushing  with 
heptane  and  acetone  and  hao  been  recovered.  Interestingly,  It  appears  to  be 
an  effective  vesioant  on  susceptible  skins »  A  GLC  trace  of  some  of  the 
material  recovered  in  a  laboratory  run  is  nhown  in  Figure  ,T3.»  Th**re  is 
evldena*  for  the  preaenoe  of  5  major  components.  Because  of  the  potcntcy  of 
the  total  sdoorbate  as  a  thermal  instability  promoter  it  will  be  interesting 
to  check  the  activity  of  the  separate  components  after  separation  by  GI.C. 


-  252  - 


10  FT  LONG  SECTIONS:  DMA 


Part  II 


«• 

J 

a 

* 

4 

t- 

il5 

it* 

r 

*«•  — 

at 

3  r> 

©» 

J 

12 

J2 

C 

3*  «•*% 

®3  £ 
u. 

j1> 

y 

ti 

S 

*-  JIT 

j  M 

<i 

k  C 

\l 

J 

5! 

u 

i 

I 

m 

* 

%  - 

e 

-£ 

a 

4 

;4 

jl 

~  2  S  Sr  g  S 

SS5  Ss58~S  SSSsSS  SSS88S 

r 

sss  sj^ay  spiii  esjs^ 


S  8  8  8  8  8  8 

sT  s'  •  r“  if  » 


-  255 


'/*crv  '*"*»»*  cv . 


AFAn-Tfu6T-ll4 
Tart  II 


Table  75-  Kf^TH ;  I’AT A  .‘'.IJVMARY  10013-90 


Rent  Trnnrifrr  to  fTH  In  Miniature  H-int  Trnrr i Or  ration 

Reactor  No.  V018-82;  O.O.763  In.  ID  t  0.018  in.  vail  x  6.0  in.  long,  Type  Jl6  S. 
Feed:  MCI),  J4.P  lb/hr  -  8.93  x  lO*  lb/(hr-ft*) 


Ilun  flo. 
10018- 

M-coureJ 

1  jwer, 
htu 

hr 

90-15:51 

450 

90-14:10 

1,220 

90-14:28 

2,950 

90-14:45 

5,480 

90-15)07 

8,e40 

90-15:28 

11,870 

IVomo.  , 
palg 


rube*) 

length, 

tn. 


1  1 
j  Vail  Temperature,  1 

*r 

Outalfie^) 

Iruldc') 

113 

115 

ntn 

121 

154 

124 

159 

129 

146 

156 

208 

182 

209 

183 

217 

191 

224 

198 

258 

212 

252 

227 

586 

328 

569 

311 

582 

524 

592 

334 

414 

356 

440 

302 

597 

499 

555 

457 

555 

457 

574 

476 

605 

5C5 

637 

539 

795 

647 

741 

594 

739 

592 

765 

619 

790 

644 

832 

687 

929 

745 

877 

691 

877 

691 

904 

719 

964 

782 

1,111 

932 

Cumu¬ 

lative') 

Best, 

Rtu 


hr 


1,625 

1,604 

1,604 

1,612 

1,626 

1,641 

(1,618) 

2,612 

2,576 

2.574 

2,595 

2,611 

2,640 

(2,601) 

5,465 

5,6-15 

5,415 

5,440 

5,494 

5,650 

(5,476) 


500 

2,690 

4,960 

7,040 

9,250 

11,510 

12,060 


T.C.'s  spot  welded  to  out3lde  wall  at  Indicated  Inches  from  Lnlet  end 
Measured.  All  T.C,  Junctions  on  one  aide  of  horizontal  tube. 
Calculated. 

Corrected  for  losses.  (  )  values  are  average  for  entire  tube. 

Net  heat  to  fluid  up  to  Indicated  tube  length. 
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Heat  Transfer  to  Mill  In  Miniature  Heat  Transfer  Section 

Reactor  No.  10018-8P;  0.0?65  In.  ID  x  0.018  in.  wall  x  6.0  In.  long,  Type  Jl6  S.S. 
Feed:  MCI.,  45.3  lb/hr  -  11. 83  x  10*  lb/(hr.fts) 


/.KAl’L-Tit  -6V-11** 

1  .irt  r  I 


Tnble  TT>  ;  DATA  MY  uFRTKS  10018-98 

Heat  TrannOr  to  Nitrogen  In  Mlnloture  Heat  Transfer  Section 

Reactor  Ho*  10018-97;  0.0065  In.  ID  x  0.018  In.  wall  x  6.0  ir.  long,  Type  316  S.S. 
Feed:  Nitrogen,  6.J1  lb/hr  -  1.05  x  10°  lb/(hr*ftz) 


Run  No. 
1001> 
9H- 

HMmr.il 

Huv«r, 

Btu/hr 

E»p»rl»«r.t»l  D«t» 

S»ooU*d  .ml  C.lcul.t.4  D*ta 

riuld 

T*rl>, 

•c 

Prana. , 
palf 

Tuba  Wall  Thermocouple* 

L* fifth, 
Inohe« 

""h 

flu*®' 

Btu/(hr*rt«) 

x  10*» 

Cuafi* 
let  We* ) 
Ket, 
Btu/hr 

Location 

Temp, 

•r 

In 

Out 

In 

Out 

Inchee*) 

Po«ltto*.'>) 

Out.ld. 

In«ld« 

It.!  19 

195 

66 

160 

5A 

1.05 

0.5 

B 

11T 

0 

(Ill) 

(108) 

52.7 

0 

1.0 

T 

152 

1 

155 

150 

53.1 

31 

1.8 

B 

150 

2 

155 

150 

53.3 

61 

2.6 

T 

166 

5 

176 

171 

>3-7 

92 

5-t> 

B 

182 

6 

195 

192 

56.0 

123 

k.2 

T 

200 

5 

216 

213 

56.2 

155 

5.0 

B 

216 

* 

w 

(257) 

(236) 

>•5, 

186 

5-T 

T 

250 

(0-6) 

(53.7) 

16166 

665 

66 

589 

526 

566 

0.5 

B 

227 

0 

(ao) 

(197) 

ISO 

0 

1.0 

T 

281 

1 

281 

268 

186 

106 

1.6 

B 

559 

2 

>52 

359 

191 

216 

1  p  6 

T 

596 

5 

622 

610 

196 

326 

5.t> 

> 

c« 

6 

695 

681 

200 

660 

1.2 

T 

50k 

5 

565 

551 

203 

557 

5.0 

B 

567 

6 

(656) 

(622) 

206 

675 

5.7 

T 

616 

(0-6) 

(195) 

15l03 

1,059 

66 

566 

526 

0.5 

B 

526 

0 

(500) 

(261) 

ao 

0 

1.0 

1 

1.20 

1 

681 

600 

286 

160 

1.8 

B 

>08 

2 

535 

515 

293 

>27 

2.6 

T 

>95 

5 

650 

635 

302 

699 

1.6 

a 

690 

6 

765 

768 

310 

676 

Cta 

T 

rra 

5 

881 

866 

318 

857 

A 

5.0 

B 

880 

6 

(995) 

(979) 

325, 

1062 

5.T 

I 

962 

(0-6) 

(301) 

15(35 

1,666 

68 

876 

526 

227 

0.5 

B 

662 

0 

(655) 

(629) 

616 

0 

1.0 

T 

656 

1 

636 

609 

637 

1.8 

B 

TTT 

2 

813 

788 

657 

501 

?.6 

T 

911 

5 

991 

968 

6T6 

776 

5> 

B 

1,060 

6 

1,170 

1,167 

695 

1,056 

4.2 

7 

1,198 

5 

1,569 

1,327 

515 

1,366 

5.0 

a 

1,555 

6 

(1,526) 

(1,506) 

531 

1,668 

5.T 

7 

1,678 

(0-6) 

(6T5) 

a)  T.C.*«  apot  veldad  to  outetde  vail  «t  Indicated  Inch**  from  Inlet  and  bua  bir. 
bj  Location  of  T.C.  Junction  on  horizontal  tuba.  B  -  Bottom,  T  -  Top. 

c)  Out# Ida  vail  Uaptnturvi  by  aaoothlnf  experimental  data.  Imlde  temperature#  by  oalouJatloc. 

d)  Corrected  for  loeeae.  Value*  In  (  )  are  everafe  ovar  antira  he  a  tad  lanfth. 

a)  Mat  ha  at  to  fluid  up  to  indicated  tuba  lanfth. 
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AFAPL-TR-oT-114 
Part  II 


Table? 8 .  F88TR :  DATA  SbT-MARY  SERIFS  10018-101 


8(‘at  Trnnnfer  to  Water  In  Miniature  Heat  Transfer  Section 


Reactor  No.  1001S-9T;  O.O265  In.  ID  x  0.018  in.  wall  x  6.0  in.  long.  Type  516  S.S. 
Feed;  Water,  5^.1  lb/hr  -  14.13  x  10®  lb/(hr»ftz) 


Pun  So. 
ico;b- 
101- 

1 

.*1  *»urfd 
fW*r,  1 

fluid 

Tamp, 

'F 

Praaa. , 

pal* 

fitu/hr 

la 

Out 

f 

In 

Out 

11:01 

1.6T0 

58 

95 

889 

t*p»rlmental  D«*.« 

-  Tub*  Will  Thtraooouplaa 


Swjothad  and  Calculated  Data 


6,550  58  101  88?  586 


12:0}  10,160  58  25k  589  579 


12:51  16,610  56  556  869  575 


15:01  21,060  58  665  809  571 


Location 

Inch,  a*) 

Poaltlonb) 

0.5 

B 

1.0 

T 

1.8 

B 

2.6 

t 

5.6 

B 

£.2 

T 

5.0 

B 

5-t 

T 

0.3 

B 

1.0 

T 

1.8 

1 

2.6 

T 

5-6 

B 

6.2 

T 

5.0 

■ 

5-7 

7 

0.5 

1 

1.0 

T 

B 

2.6 

T 

5.6 

B 

6.2 

T 

5.0 

B 

5.T 

T 

0.5 

P 

1.0 

T 

1.6 

> 

2.6 

T 

5-6 

B 

T 

5.0 

B 

5.T 

I 

0.5 

1 

1.0 

T 

1.8 

B 

2.6 

T 

5.6 

B 

6.2 

r 

5.0 

B 

5.7 

T 

Lanfth, 
T**p,  bchii 


1T8  (0-6) 


621  (0-6) 


60a  (0-6) 


T16  (0-6) 


Wa.l  Tamp, 

•rc) 

£)> 

Btu/(hr-ft») 

Cumj- 

H«tt, 

Outold* 

In* 

X  10-» 

Btu/br 

(168) 

(107) 

5^*2 

0 

164 

105 

'M 

313 

166 

105 

5«2 

626 

169 

106 

563 

96O 

155 

116 

566 

1.255 

169 

120 

568 

1.569 

(195) 

(152) 

555 

(566) 

1,887 

(56T) 

(215) 

1.906 

0 

352 

200 

1,872 

1,090 

5  a 

189 

1,882 

2,180 

550 

198 

1,890 

3,279 

555 

225 

1,916 

6,379 

397 

265 

1,953 

5,500 

(Ckl) 

(J09) 

1.993 

(1,913) 

6,650 

(505) 

(516) 

2.959 

0 

6n 

279 

2,926 

1,701 

655 

262 

2,911 

3,388 

<*65 

275 

2,920 

5,070 

502 

511 

2,956 

6.TTO 

565 

,575 

3,016 

«,'/» 

(66T) 

(661) 

,5.°?7 

(2,960) 

10,270 

651 

587 

6,560 

0 

615 

567 

6,290 

2,696 

591 

325 

6,260 

SB 

611 

565 

6,290 

665 

380 

6,360 

9,950 

68t 

625 

6.390 

12,690 

(T55) 

(672) 

6,260 

(6,330) 

15,010 

(T5T) 

(389) 

5.950 

0 

T3T 

a 

5,830 

5,379 

T6T 

5,860 

6,760 

TT9 

636 

5,920 

10,170 

827 

686 

6,010 

13,620 

808 

568 

6,070 

17,110 

(958) 

(621) 

6,250 

(5,960) 

20,670 

_J _ L.l.i  1  !.»•*  1  T  1  w  1  (0^)  l-  L -  LJ. 

T.C.'a  apot  waldad  to  outald*  wall  it  indlcatad  Lnobaa  fro*  lnl*t  and  boa  bar. 

Location  of  T.C.  Junction  on  norlaectal  tuba.  B  -  Bottcaa,  T  •  Top. 

Outald#  vail  tanparaturai  ij  aaootblni  aaparlaant-il  data,  tnald*  taaparatura*  bjr  ealoulatloo. 
Corraotad  for  loaaaa,  Valuaa  la  (  )  ara  *v*r**a  ovar  astlra  haatad  lanftb. 

Hat  Mat  to  fluid  up  to  lndlcatad  tuba  length. 
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AFArT-TH-67-1 iu 
Hurt  IT 

Table  79.  IT/ITR;  DATA  T'TfAP.Y  r FRIES  lOOlR-loQ 


ii£*l  ■TrcmntVr  To  Water  Tn  Miniature  Hent  Transfer  Section 

Reactor  No.  10013-10J;  0.0265”  ID  x  0.018"  wall  x  6”  long,  Type  316  S.S. 
Feed:  Water,  30.1  lb/hr  -  j(g6  x  10&  lb/(hr*ft2) 


Kun 

Na. 

1(01  A. 
lo8- 

F>p»rtarntal  Data 

r«ootl*4  and  Caloulatad  Data 

irt*jrrd 

l'Afrr, 

rma 
Trmp,  *r 

— 

PltMi, 

7uL«  Will  Tterwocoviplfi 

Length, 

In. 

Wall  T»up,c* 

*  7 

Hc.t^ 

Flu*, 

CunwWtlve*^ 

& 

Lc cation 

T»»p, 

V 

m 

m 

D 

H 

IBB 

Pof.l*lonb) 

(Altai  dr 

lucid. 

( lir  •  ft' )  *  " 

1 W :  jo 

tv 

C2 

8f 

in 

i 

0.) 

D 

100 

0 

(100) 

(85) 

?l8 

0 

1.0 

T 

107 

1 

105 

86 

219 

126 

1.8 

B 

106 

2 

109 

92 

219 

252 

2.6 

'a 

112 

5 

11) 

96 

219 

579 

).W 

B 

11) 

W 

117 

100 

220 

>06 

k.? 

T 

1?0 

5 

12.1 

low 

220 

6)) 

).0 

B 

120 

6 

(126) 

(109) 

221 

T61 

5.T 

1 

125 

(0-6) 

(219) 

It.  Wo 

1,20V 

6? 

10) 

10T 

l 

0.) 

0 

122 

0 

(12k) 

(98) 

5)7 

0 

1.0 

T 

152 

1 

129 

105 

558 

195 

1.6 

D 

151 

2 

1)5 

109 

559 

590 

2.6 

t 

1W0 

5 

1W0 

uw 

5WO 

58 6 

).w 

B 

1W0 

c 

1W6 

120 

5W1 

T8) 

W.2 

T 

1W9 

5 

151 

125 

5W2 

98b 

).0 

B 

150 

6 

(157) 

(151) 

5W5 

1,1T8 

HI 

T 

157 

(0.6) 

()WO) 

iwtl* 

I.96T 

is 

129 

low 

l 

1 

B 

155 

0 

(157) 

(116) 

5WT 

0 

Bsl 

T 

172 

1 

166 

125 

)1T 

SSI 

B 

171 

2 

175 

»w 

6)6 

EO 

T 

182 

5 

iew 

1W5 

956 

).<• 

B 

185 

W 

19) 

152 

1,277 

W.2 

T 

197 

5 

202 

161 

560 

1,600 

).o 

I 

199 

6 

(210) 

(169) 

565 

1,925 

5.T 

T 

210 

(0-6) 

(555) 

1W:55 

5,500 

61 

1TV 

99 

l 

0.) 

B 

219 

0 

(225) 

(15’.) 

1,008 

u 

1.0 

T 

2*5 

1 

255 

161 

1,01) 

58W 

1.8 

P 

2W1 

2 

2WT 

IT) 

1.019 

1,171 

2.6 

r 

260 

5 

260 

186 

1,026 

1,762 

).»» 

y 

260 

W 

27V 

200 

1,0)) 

2,556 

w.r 

T 

260 

5 

269 

a) 

1.0W1 

2,9)6 

5.0 

0 

265 

6 

()05) 

(251) 

1,050 

>,560 

).T 

r 

505 

(0.6? 

(1,027) 

Dio? 

V.150 

62 

200 

100 

l 

o.J 

B 

*5 

0 

(251) 

(165) 

1,186 

0 

1.0 

T 

271 

1 

17V 

1,191 

687 

1.8 

0 

:6V 

2 

?T* 

188 

1,200 

1,578 

2.6 

T 

268 

5 

290 

H* 

1,209 

2,0TW 

).V 

1 

291 

W 

)07 

221. 

1,220 

2,777 

W.2 

T 

516 

5 

526 

2V0 

1,2)1 

5.V90 

5.0 

i 

in 

6 

()W6) 

(260) 

1.2V) 

W,  200 

5.T 

T 

5WW 

(0^> 

(1,211) 

15:15 

5.570 

iS 

2)6 

106 

6 

0.5 

t 

268 

0 

(295) 

(190) 

1.W9T 

0 

1.0 

T 

51) 

1 

506 

201 

1,505 

868 

1.8 

1 

515 

2 

)a 

216 

’,516 

l.TWl 

2.6 

5 

E&l 

5 

)W1 

2)6 

1,5)1 

2,622 

t 

PM 

w 

)6W 

259 

1.5W8 

5,5)0 

W.2 

1 

5 

)90 

265 

1,568 

W.W10 

5.0 

t 

PM 

6 

(W17) 

012) 

1,586 

5,520 

5.7 

T 

ia 

(0-6) 

(1,5)5) 

*)  T.C.'i  *pot  vald.d  to  outald*  vtlX  »l  lndlc.tad  Inch**  fro*  lnl.t  tod  bu*  bar. 

b)  Location  of  T.C.  Junction  on  horizontal  tub*.  1  •  Bottoa,  T  •  Top. 

o  (Xtatd*  ¥*11  t»«t*  bp  MOOthln*  *ip*rlaent«l  data.  Ic*td.  t«up*  tgr  oaloulutlon. 

a)  Corracwd  for  lo«***.  Value*  In  (  )  «r*  avarcg.  over  «u*„lr»  ha.Ud  Unftb. 

c)  Hat  h**t  up  to  lndle*t*d  tub*  l.nfth. 
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Table  81.  FSSTR ;  DATA  SUMMARY  SERIES  10018-119 


Heat  Transfer  To  Water  In  Miniature  Heat  Transfer  Section 

Penotor  No.  10018-110;  0.0265"  ID  x  0.018"  wall  x  6"  long,  Type  316  S.S. 
Feed :  Water,  U.97  lb/hr  -  1.30  x  10®  lb/ (hr -ft*) 


'  "  — 

Pur 

No. 

lOOlt. 

1 19- 

— 

Fjpertaentel  Data 

Smooth  end  Calculated  Data  | 

Heaeured 

Paver, 

£& 

hr 

Mu  Id 

t«*,  *r 

Pr*»a., 

pelg 

Tube 

Wall  Th«rnu<*o»ipl*i 

Length* 

In. 

W»ll  T«fcp,°5 
*F 

Hf.td5 

Flux, 

Cunul.U*.'5 

heat, 

Htu 

hr 

Location 

7,-mp, 

D 

D 

D 

EE 

In.*5 

ro.Ulon'’5 

Oita  Ida 

tneldt. 

Tzr&i' 10"’ 

15:  TO 

889 

6T5 

rai 

657 

51 

0.3 

n 

666 

0 

(669) 

(665) 

59  0 

0 

1.0 

T 

1 

666 

600 

59.0 

36 

1.8 

B 

6>7 

2 

639 

633 

58.8 

68 

8.6 

T 

638 

3 

636 

630 

36.8 

10? 

3.6 

P 

630 

4 

629 

625 

58.9 

1’6 

V.2 

i 

630 

5 

666 

660 

59.0 

17Q 

5.0 

t 

665 

6 

(653) 

(669) 

58.9 

vou 

5.7 

t 

651 

(0_6> 

(58.9) 

15:66 

695 

678 

568 

677 

36 

0.3 

B 

658 

0 

(660) 

(65?) 

136 

0 

1.0 

T 

633 

1 

656 

666 

136 

78 

1.6 

B 

669 

2 

668 

660 

136 

155 

2.6 

T 

695 

3 

50? 

696 

136 

3.6 

B 

510 

V 

523 

515 

136 

b.S 

550 

5 

565 

537 

137 

5.0 

566 

t 

(567) 

(559) 

137 

KiB 

5-7 

563 

(0-6) 

(135) 

mtM 

15:56 

66? 

676 

619 

690 

35 

0.3 

1 

668 

0 

(668) 

(651) 

171 

1.0 

660 

1 

661 

650 

171 

99 

1.8 

B 

660 

2 

660 

669 

171 

198 

2.6 

T 

536 

j 

567 

537 

175 

898 

3.6 

B 

557 

6 

577 

567 

176 

379 

k.? 

T 

585 

5 

607 

597 

ITT 

501 

5.0 

B 

605 

6 

<63T> 

(687) 

178 

6C6 

5-7 

T 

630 

(0-6) 

(176) 

It!  16 

1,068 

688 

550 

516 

39 

0.3 

B 

6t8 

0 

(6*0) 

(663) 

275 

0 

1.0 

T 

W7b 

1 

676 

657 

276 

159 

1.8 

B 

598 

2 

607 

590 

263 

320 

2.6 

T 

668 

3 

668 

666 

28? 

uev 

3.6 

B 

686 

6 

719 

703 

291 

65? 

fc.2 

T 

738 

5 

776 

758 

295 

881 

5.0 

B 

771 

6 

(850) 

(816) 

298 

998 

5.7 

5 

817 

(0-61 

(286) 

16:P6 

1,668 

686 

666 

560 

•*3 

0.3 

B 

691 

0 

(555) 

(558) 

380 

0 

1.0 

T 

555 

1 

555 

538 

380 

2C0 

1.8 

B 

686 

2 

698 

6t6 

595 

666 

2.6 

T 

T*3 

3 

776 

756 

405 

616 

3-6 

B 

811 

k 

858 

856 

610 

909 

k.2 

T 

8rr 

* 

938 

917 

618 

1,150 

ESI 

B 

960 

6 

(1,018) 

(997) 

685 

i,590 

m 

T 

996 

(0-6) 

(601) 

16:  >0 

1,909 

681 

8oo 

557 

66 

0.3 

B 

506 

0 

(687) 

(658) 

506 

0 

x.o 

T 

687 

1 

6BT 

658 

506 

291 

1.8 

B 

798 

2 

806 

780 

520 

5«7 

2.6 

T 

877 

3 

916 

886 

523 

888 

3.6 

B 

958 

V 

1,080 

993 

566 

1.19T 

6.8 

T 

1,063 

5 

1,126 

1,102 

560 

1.517 

5.0 

B 

1,188 

6 

(1,836) 

(1,206) 

573 

1,8a 

5.7 

T 

l  207 

(0-6) 

(538) 

* 

b> 

o 

d  i 

« 


T.C.'a  spot  welded  to  Outelde  wall  at  Indicated  tnchee  ive»  Inlet  end  bu#  bar. 
Location  of  T.C.  Junotlon  on  horizontal  tube.  B  •  Bottom,  I  •  Top* 

Outelde  veil  teapa  jy  fnoothlnf  riawr.tel  data.  In* id#  tun*  by  eeloulatton. 
Comcttd  for  loeeee.  Value*  In  (  )  are  averse  over  entire  heated  length. 

K*t  heat  to  fluid  up  to  lndloeted  tube  length. 
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Table  82.  FSgTR:  DATA  SUMMARY  3ER1E5  10018-126 


Heat  Transfer  To  Water  In  Miniature  Heat  Transfer  Section 

Reactor  No.  10018.122;  0.0265"  ID  x  0.018"  wall  x  4"  long,  T}r*  316  S.S. 
Feed:  Water,  99*4  lb/hr  -  26.0  x  10e  lb/(hr“ft2) 


r«p*rl»#ntal  Data 

Aaoothad  and  Calculated  Data  ] 

Run 

No. 

(Viiurrd 

nuid 

htiii. 

Tub* 

Will  Th«r*ocoupl«i 

U*ll  T«up,cl 

H*.t‘> 

CuaulitlY**) 

looia. 

IWr, 

T»t<P,  *r 

p*u 

to-iit  Ion 

Lan*th, 

’r 

Flux. 

HMt, 

Hil 

hr 

tn 

Out 

lx 

Out 

ln.*> 

Pdkltlonbl 

•  -• 

f 

Outild# 

I  rul  da 

TT$b‘ W"1 

hr 

13:W0 

2,360 

67 

9.' 

9@1 

20k 

0.21 

e 

17V 

0 

(169) 

(9.-) 

0 

0.75 

T 

178 

1 

179 

102 

1.050 

59* 

1.25 

D 

181 

2 

103 

106 

1.032 

1,191 

1.75 

T 

lOi 

3 

188 

111 

1.03k 

1,788 

2.21 

B 

185 

W 

(193) 

(116) 

2,586 

2.75 

T 

187 

(0-k) 

(1.03s) 

3-25 

B 

190 

3.50 

T 

1»0 

ljlbfl 

6,030 

6T 

129 

981 

229 

0.25 

ft 

320 

0 

(305) 

(120) 

2, COO 

0 

0.75 

T 

325 

1 

330 

1  7 

l,k96 

1.25 

ft 

335 

? 

336 

135 

2,610 

3,000 

1.75 

T 

330 

3 

5*8 

165 

2,620 

k,5lO 

2. 25 

1 

3k2 

k 

(36k) 

(181) 

(2.610) 

6.050 

2.75 

T 

3k  3 

(OJ.) 

3-25 

ft 

355 

3.50 

T 

355 

13:56 

9.900 

6f 

168 

981 

2*2 

0.21 

ft 

k62 

0 

(*32) 

(lk9> 

k,260 

0 

0.75 

T 

k65 

1 

k76 

19k 

2,k50 

1.25 

b 

k8> 

2 

kflk 

202 

k,  260 

6,920 

1.75 

T 

k75 

3 

50k 

222 

*.3» 

7,  kOO 

2.25 

t 

k93 

a 

(532) 

(250) 

(k.aflo) 

9.900 

2.75 

T 

k89 

(OJ.) 

5-25 

1 

5U 

3-50 

T 

511 

Ik  :0k 

15.960 

6T 

226 

981 

2*8 

0.25 

t 

6k3 

0 

(608) 

(196) 

0 

0.75 

T 

653 

1 

66k 

25k 

6,630 

3.820 

1.25 

ft 

675 

2 

67V 

270 

6,670 

7,660 

1.T5 

T 

666 

3 

70k 

297 

6.720 

li.530 

2.21 

ft 

690 

K 

(158) 

(352) 

13, *20 

2.75 

T 

689 

(OJk) 

(6.6TQ) 

3.25 

ft 

T20 

3-50 

T 

721 

Ik:  10 

IT, >90 

67 

2kk 

981 

2k9 

0.21 

B 

697 

0 

(666) 

(911) 

0 

0.75 

T 

706 

1 

715 

262 

7, WO 

k,290 

1.25 

B 

TLT 

2 

732 

280 

7,500 

8,620 

1.T5 

T 

H9 

3 

765 

515 

7,580 

12,970 

2.25 

B 

7k7 

k 

(816) 

(367) 

(7,510) 

IT, >60 

2.75 

T 

Tk6 

(OJ.) 

3.25 

B 

782 

3.50 

T 

T83 

lk:  25 

19,kkO 

6T 

265 

9«1 

256 

0.25 

ft 

T6k 

0 

(757) 

(257) 

8,380 

0 

0.75 

T 

770 

1 

78} 

266 

*,820 

1.25 

ft 

797 

2 

807 

511 

e.kko 

9,690 

1.75 

T 

792 

5 

Bkl 

3*8 

8,530 

l*,590 

2.25 

B 

820 

a 

(900) 

(toe) 

19.5*0 

?.rs 

T 

P22 

(OJ.) 

(8,kk0) 

3.25 

B 

860 

3.50 

T 

860 

*)  spot  w»ld*d  to  outild*  wtU  »t  lndldit*!  lnchci  frou  lnlit  tnd  bui  b*r. 

b  Location  of  T.C.  Junction  on  to niton til  tub*.  B  ■  BO. ton,  T  •  Top. 

cj  Outild*  wtU  tiap*  by  woothln*  *«p*rlnint*l  d»t».  Injtdi  t*rp*  by  c*loul«t Ion. 
d)  Curr*«t»d  for  lo*ti*.  V *lu>*  In  (  )  tr*  av»rm«  ov*r  intlrt  h**t*d  l*n*th. 

«)  Nit  b*tt  to  fluid  up  to  Indlcttid  tub*  ltn<th. 
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Table  Pj.  Ff^rRi  DATA  SUMMARY  flKRTBS  1001fl..lP7 

H»at  Transfer  To  ETH  In  Miniature  Heat  TramOr  r.i-rtlon 

Reaotor  No.  10018-110}  0.0265"  ID  x  0.018"  wall  x  6"  long,  Type  Jl6  S.S. 
Feed:  JCH,  Jl.U  lb/hr  »  8.20  x  10°  lb/{hr*ftr) 


AFAPL.Tfl-67-lU 
Part  II 


Table  84.  F;Vn.TR:  DATA  PtlMMARY  SERIET.  1001B..1P9 
TrnnglVr  to  MHH  In  Miniature  Heat  Transfer  flectlor 


Reactor  No.  10018.110;  0.0,' ?G5"  ID  x  0.018"  wall  x  6"  long,  Type  316  3.S. 
Feed!  MCII,  76.3  lb/hr  =  19.99  *  l°fl  lb/(hr.fta) 


1 1  it  rUaeiii  ni  lmi« 


V*il  Tbanarkhiutii** 


Ux'atlon 


In.  ^  hull  Inn1) 


• 

1  •*>!>,  *1 

.,1*0  I  <o  I  JtVi  I'lHPj  .vM 


V, (•*•<)  I  *4i  j  |‘pW  |«*i 


V/  I  tl»W  1  I Vt 


U,0*»  -.•!  I  JV.  'r*.  a 


I  w  i  :i#»  ^  ;-i«5 


.'Uaootlta.1  Calnulatad  1 


Wall  T»iil(’l  ruMiUtlWi*^ 

*r  n<u,  iw.t,, 

o.um.L,,,  & 


OW)  (:•«)  I.M*  o 

v.i  >,uo  «v; 

>/6  ;  nt  i.wit  i.fjw 

>9T  i-jH  >.1.90  iv>V> 

i.i)  >l*»  >.■/•>  >,i.io 

Wii  Jrt  »,w>  *,;•>»> 

(IS?)  <5»)  l, “ilk  k.lV* 

(l.W.) 


J  i.i'.’u  *|»»i  w»l licit  l«>  wall  a'  Irvi  foaled  tnoha#  fro*  Inlat  and  bua  bar. 

/  Uicat  Imt  »>r  I.*1.  Ji»:n*lttH4  uti  l«url«mf  <•!  tuba,  H  •  IDtloa,  t  •  Top. 
j  U«iutit*  wnI l  l»**|ai  by  MaVtUitui*  •i|wrl»antal  dal*.  Inalda  tea  pa  by  mloulallon 

!*'.irrao*#J  for  In^ori.  Vitnea  In  {  )  ar*  everatfa  over  entire  heated  lai^cth. 
tie!  !«•(  lo  up  to  IMlcHiril  tut*  I ery tli. 
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Tfable  85.  FSflTR:  DATA  SUMMARY  SERIES  10018-130 

Heat  Tranafc^  in  hCH  In  Miniature  Heat  Tranafe~  Section 

Reactor  No.  10018-Ut  O.C'fy"  ID  x  0.018"  wall  x  6"  long,  Type  316  S.S. 
Feed:  MCH,  50-3  lb/hr  -  23  x  loa  lb/(hr.fta) 


bun 

*0. 

1001  a. 
130- 


15:06 


15:21 


13:58 


ExparUnatal  Data 


Featured 


1,906 


;,59o 


7.  l>0 


i):66 


J.liOJ 


W:ll 


Fluid 
T«S>,  - 


tl 


62 


68 


10, WO 


16.1JO 


15,650 


65 


150 


Frail., 

J»‘« 


in  Out 


»1 


190 


500 


J98 


*7* 


509 


991 


991 


991 


991 


m 


517 


526 


5W 


502 


672 


657 


Tttt*  Wall  rher«om«i>Ue 

K 

a 

Loottio. 

1  <*•!>, 

”  ¥ 

Hi 

ESI 

Pcaltlt 

( '  •  1 0  M*» 

|  Inside 

0.5 

B 

190 

V 

{ 1  h  . 

(150) 

1.0 

T 

rOO 

1 

1*^ 

162 

1.6 

B 

?10 

2 

2  i  - 

1TH 

2.6 

T 

5 

27' 

ie* 

>.* 

B 

229 

6 

251. 

i95 

k.2 

T 

221 

** 

259 

3C7 

5.0 

B 

’59 

6 

(2*5) 

39) 

5-T 

T 

<61 

(0-6) 

0.5 

B 

500 

0 

(163) 

(218) 

1.0 

T 

508 

1 

512 

2k2 

1.9 

B 

552 

2 

351 

261 

2.6 

t 

557 

5 

>66 

276 

5.6 

B 

555 

6 

359 

289 

k.2 

T 

596 

5 

571 

501 

5.0 

a 

572 

6 

(381) 

(311) 

5.7 

T 

379 

(0-6) 

0.5 

a 

699 

0 

(679) 

(3*9) 

1.0 

T 

500 

1 

906 

379 

1.9 

a 

560 

2 

556 

607 

2.6 

T 

566 

5 

562 

65* 

• 

379 

6 

996 

656 

6.2 

T 

576 

5 

605 

676 

5,0 

a 

606 

6 

(618) 

(691) 

5.T 

T 

611 

(0-6) 

0.5 

» 

669 

0 

(626) 

(699) 

1.0 

r 

657 

1 

69* 

677 

1.9 

• 

690 

2 

687 

311 

2.6 

T 

696 

5 

717 

5*2 

a 

759 

6 

7*5 

569 

k.2 

T 

730 

5 

760 

586 

5.0 

B 

765 

6 

(TO) 

(599) 

5.7 

7 

766 

(0-6) 

0.5 

a 

790 

0 

(T69) 

(5*1) 

1.0 

T 

7T7 

1 

799 

569 

1.9 

a 

95* 

2 

928 

603 

2.6 

T 

955 

5 

99 a 

0>  6 

5-6 

B 

9C3 

6 

665 

661 

k.2 

T 

876 

5 

909 

686 

5.0 

9 

912 

6 

(926) 

(TO) 

5.7 

T 

916 

(0-6) 

0.5 

B 

950 

0 

(827) 

(591) 

1.0 

T 

955 

1 

851 

606 

1.9 

a 

995 

2 

936 

660 

2.6 

7 

990 

3 

916 

675 

5.6 

1 

965 

6 

9*7 

TO 

6.2 

T 

95* 

5 

976 

755 

5-0 

a 

980 

6 

(1,005) 

(763) 

5.7 

T 

995 

!0-6) 

-aoothsu  and  Calculated  Data 


Haat^ 

Flux, 

1  lcr: 


506 

509 

512 

5*1 

517 

519 

521 

(916) 

998 

1,009 

1,019 

1,026 

1.052 

1,058 

1,065 

(1,026) 

2,017 

2,057 

2,056 

2,075 

2,097 

2,099 

2,109 

(2,069) 

2,950 

2,950 

2,900 

5,010 

5,050 

5,050 

5.060 

(5.000) 

5.960 

5,990 

6,050 

6,070 

6.100 

',150 

6,150 

(6,060) 

6.570 
6,613 
6,650 
6,690 
6,550 

6.570 

6,600 

(6,690) 


Cuaulatlva 

Haat, 

Mu 

hr 


1, 

5, 

5, 

6, 

«, 

10, 


< 

»», 

16, 


». 

5, 

7, 

10, 

12, 

15, 


T.C.'a  apot  valdad  to  ouUUi  wall  at  tndleatad  tnshaa  fro*  lnlat  and  ui  bar. 
Location  of  T.C.  yunottoo  on  hortaooul  tuba,  a  •  Sottoa,  T  r  Top. 

Outalda  wall  taa^a  hy  awoothlnd  axparlaantal  data,  tnalda  toapa  by  laloulatJon. 
Comatad  for  loooaa.  Valuta  la  (  )  ara  ararafa  awr  ant  Ira  haatod  langtb. 
bat  haat  to  fluid  up  to  Indicated  tuba  longth, 
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Table  67.  FSSTR;  DATA  SMWRY  SERIES  10018-132 

Heat  Transfer  To  M3H  In  Miniature  Heat  Transfer  Section 

Reaotor  Ho.  10018-110;  0.0269"  ID  x  0.018"  wall  x  6"  lon«,  Type  516  S.S 
Feed*.  fCH,  50.5  ib/hr  -  7-91  x  10®  lb/(br*ft2) 


Exp#riaantil 


fluid 

Pr*il. , 

T**P.  *f 

P*‘I 

Tub#  V*H  T^*mocoupl*o 


issEsfiaaossai 


V*ll  T*«p,d) 

L*r*th, 

*r 

In. 

Outs Id# 

Insld# 

0 

1 

(*T) 

55k 

W 

2 

160 

5kT 

2 

566 

55) 

5T1 

558 

5 

5Tf 

,561, 

6 

(582) 

(56 9) 

(0-6) 

0 

(500 

(565) 

1 

609 

518 

2 

622 

591 

5 

655 

602 

k 

6kk 

615 

5 

655 

62)' 

6 

(662) 

(652) 

(0-6) 

0 

(65T) 

(599) 

1 

685 

628 

2 

no 

65) 

J 

no 

6T> 

t. 

v>r 

690 

5 

762 

705 

6 

(T16) 

(T20) 

(0-6) 

0 

(680) 

(616) 

l 

TOT 

6*) 

2 

T52 

663 

2 

T56 

W) 

TT8 

T15 

2 

W 

(812) 

<$> 

(0-6) 

r«OOth*d  4ivd  Calculated  Data 


Flux, 

Biu  _  , 

^rarr* x<r 


,,  null*,  fluid  la*’*.  «•  10.6  nu/lB  Ufor*  *nt*rla«  b**t*4  **«tlon 

V.lild  U  outild.  «n  .1  Itflo.tt*  inch**  fro-  W*  •«  *• 

Loa*ttoa  of  T.e.  JumMoo  ao  torlaonUl  tub*.  B  •  Bottom  T  •  Tup. 

Outbid*  wU  t**t>*  hr  MOOthtnf  «p*rl**nt*l  i*t*. 

Corr*ot*d  for  lo****.  V*lu«*  lii  (  )  *r«  »«n|*  o**r  *Btlr*  '»*t*d  l«n«th. 

■*1  K(it  to  fluid  up  to  Indicated  tub#  l#nfth. 


• .  .'Tf< ;  r : "?? 


.  — <t«*j  ■-»«!  t  “-T6 
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Table  88.  FS5TR;  DATA  SUMMARY  SERIES  10018-133 

Heat  Transfer  To  MCH  In  Miniature  Heat  Trnnr.fer  Section 

Reactor  No.  10018-122;  0,0265’’  ID  x  0.018"  wall  x  4"  long,  Type  316  S.S. 
Feed:  MCH,  69.8  lb/hr  »  18.23  *  10a  lb/(hr»ft2) 


Run 

Ho. 

1001ft- 

153- 

Y*  perl  (Rental  hale 

|  .’.'maoititd  and  faiculated  Date  j 

Meaeurad 

Power, 

p. 

hr 

Fluid 
Tea*),  *F 

Fr»«». , 
P*U 

Tut-e 

Wall  "hi*n»x><,o.j|)lai 

t^ry;th, 

In. 

Well  Tewp,45* 

•r 

Hfkl4* 

nm, 

emulative*  ^ 
H*et, 

& 

Location 

>vr, 

*r 

In 

Out 

In 

Oit 

Ir.."> 

IVa'tloi)  ' 

Out*  Me 

Inalde 

TKFTvT*  l0** 

13 1)1 

4,T10 

oc 

206 

976 

195 

0.  r*y 

H 

655 

0 

(6611) 

(317) 

0 

o.r> 

T 

too 

i 

463 

5)2 

2,070 

1,265 

l.i'ft 

n 

667 

ji 

475 

346 

2,0)0 

2,3)4 

1.7-9 

T 

671 

5 

kftft 

356 

?.o>o 

3,510 

B 

6r; 

W 

(  507) 

(37T) 

6,(90 

2.7'j 

T 

6iS9 

(0-6) 

(7,050) 

3.20 

P 

493 

5.75 

t 

690 

13:44 

9.520 

66 

JX> 

975 

0.20 

B 

765 

0 

(73ft) 

(506) 

0 

0.75 

7 

76? 

1 

74? 

313 

4,000 

2,310 

1.25 

1) 

756 

2 

757 

325 

l»,0?0 

4,610 

1.75 

T 

TOO 

3 

771 

560 

4,0)0 

6.960 

2.20 

B 

759 

k 

(791) 

(561) 

9.290 

2.70 

T 

766 

(0-6) 

(4,070) 

5.?5 

B 

760 

5.75 

T 

78} 

13:57 

13,920 

66 

42) 

976 

657 

0.?5 

U 

959 

0 

(954) 

(633) 

0 

0.75 

T 

950 

l 

956 

6)3 

5.980 

3.460 

1.25 

B 

965 

? 

955 

6)4 

5,980 

6,910 

1.75 

r 

94? 

3 

975 

655 

6,010 

io,)*o 

2.25 

B 

960 

k 

(1,035) 

(718) 

13,870 

2.75 

T 

965 

(0.6) 

(6,000) 

5-25 

B 

996 

J.T5 

T 

997 

lUiOf 

16.500 

66 

675 

976 

44) 

0.55 

B 

1,056 

0 

(1,050) 

!6») 

0 

0.75 

T 

1,0U 

1 

1,030 

680 

7,1)0 

4,120  , 

1.25 

B 

1.065 

2 

1.051 

681 

7.2)0 

8,240 

1.75 

T 

1,041 

3 

1.082 

71) 

7,1)0 

12,360 

2.25 

3 

1,068 

4 

(1.148) 

(782, 

16,5)0 

2.75 

T 

1,055 

(0-6) 

(7, IS)) 

5.25 

B 

1.098 

5.75 

7 

1,127 

I'll  JO 

IB, 790 

67 

51» 

977 

650 

0.25 

B 

1,166 

0 

(1.135) 

(729) 

0 

0.75 

T 

1,129 

1 

1.133 

729 

8,050 

4,650 

1.25 

B 

1.153 

p 

1.1)5 

729 

6,050 

9,)«> 

1.75 

T 

1,172 

3 

1,170 

765 

8,120 

D.970 

2.25 

8 

1,136 

(1.600) 

(1,213) 

18,860 

2.75 

T 

1,237 

(0.4) 

(8,160) 

5.25 

B 

1.7J6 

>•  T5 

T 

1,676 

14:44 

4,tto 

67 

210 

976 

696 

0.25 

B 

66> 

0 

(459) 

(506) 

0 

0.75 

T 

668 

1 

470 

5)6 

2,080 

1.198 

1.25 

B 

677 

? 

4fl0 

546 

2,080 

2,400 

1.75 

T 

676 

3 

495 

561 

6,090 

3,610 

2.25 

B 

666 

6 

(5?1> 

(388) 

4,820 

2.75 

T 

469 

(0-4) 

<2,080) 

5-25 

B 

502 

_ 

5-75 

T 

511 

_ 

a)  T.C.'i  spot  welded  to  outalde  wall  *v  Indicated  Irenes  ‘Yon  Inlet  rvl  tu*  bar. 

b)  Location  of  T.C.  junction  on  horlrontal  tube.  B  •  Bolton,  ?  *  Top. 

0}  Chjtatde  vail  teupa  by  orawthtng  eipcrlnental  data.  InaMe  tenpo  by  calculation, 
d)  Correoted  for  loeaec.  Value*  in  (  )  are  average  over  entire  heated  length, 
a)  Hat  heat  to  fluid  up  to  Indicated  tuba  length. 
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Ttbla  09.  IGNITION  DELAYS  FOR  n-OCTAN 


Praia, 

Temp, 

Daisy, 

Press, 

Tamp, 

Daisy, 

pals 

*K 

mho 

pa  la 

t 

PMO 

|  dOll  Argos,  ER  «  0.1 

9.T 

1216 

755 

16.1 

1208 

72 

9.6 

1220 

720 

15.7 

1158 

777 

9-* 

1217 

539 

16.5 

1175 

*26 

10.0 

121* 

93* 

15.2 

1106 

3*71 

9-6 

1150 

3500 

16.0 

116* 

602 

9-T 

1165 

212* 

15.5 

1109 

3058 

9-9 

1196 

1286 

16.3 

116* 

672 

9*7 

1151 

2678 

17.6 

1228 

72 

16.6 

1167 

*96 

16.6 

j 

1151 

1057 

90 i  Argos,  ER  •>  0.1 

90 

1281 

359 

15.1 

1215 

533 

9.2 

12*2 

939 

15.7 

1265 

270 

9-3 

1263 

539 

15.3 

1201 

697 

9-5 

12*2 

939 

15.3 

117* 

1385 

9-* 

1206 

1*62 

15.* 

1152 

1963 

9.6 

1188 

22*8 

15.8 

11*7 

2*17 

9*6 

1166 

328* 

15.* 

12*0 

369 

90 i  Argos,  ER  -  1.0 

10.1 

1221 

595 

17.* 

116* 

2*8* 

10.6 

1216 

5202 

16.8 

1136 

*559 

10.0 

1180 

3085 

17.3 

1159 

*7*2 

9-9 

un 

2930 

16.9 

115* 

2039 

10.8 

1252 

5259 

16.8 

1155 

2*0* 

10.0 

1213 

**5 

16.* 

11*2 

2*66 

9.8 

1188 

29*6 

16.5 

1160 

255* 

9-6 

1177 

3303 

c'Sd3SS°'<ho'°' 


*  *  w>r. 


fcf ^  "  ,**‘X,*mr* :  i  *  -w'.' 
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flable  69  (Coatd-2).  ICHITIOH  DEUtfS  FOB  n-OCTAJtt-OXICgH-AflOOW 


Preea, 

p*la 

tfmp, 

*1 

D*  lay, 

|1MC 

Press, 

pels 

Temp, 

*2 

Delay,  1  Prese, 
umo  |  pelt 

leap, 

1 

_ 

Delay, 

ii»ee 

99S  Argon,  KH  ■  0.1 

9.8 
10.0 

9.9 
9.T 
9.6 
9.5 
9.* 

10.2 

1379 

1370 

1*21 

1*2* 

1*22 

1*1? 

1*38 

1*22 

22*3 

2560 

1001 

*52 

103* 

1226 

389 

937 

16.0 

16.0 

15.9 

15.9 

15.6 

15.1 

15.0 

13*8 

1303 

1370 

135* 

1387 

1379 

1*08 

229* 

2967 

1088 

1*03 

706 

697 

3»7 

26.5 
26.$ 
2$. 8 
25.2 
2*  .9 
2$.0 

1330 

1302 

1336 

13*1 

1392 

1395 

v>v> 

28*1 

n** 

95* 

*13 

386 

990  Argon,  St  -  1.0 

o.8 

9-9 

9.8 

9.5 

9-5 

9-9 

1555 

1562 

139* 

1397 

1X03 

13*8 

3283 

1295 

651 

521 

*57 

17*3 

15.2 
15.9 

16.2 
16.0 
15.9 
16.* 
16.6 

1282 

1357 

1362 

1398 

1390 

1359 

13*3 

3501 

116* 

87* 

S 

906 

1612 

26.7 
26.1 
2*.9 

2$  .6 

27.8 

1323 

133* 

1391 

1305 

1188 

965 

516 

6$ 

2559 

990  Argon,  IS  -  1.9 

10.0 

9.9 

10.1 

10.5 

10.1 

10.5 

10.2 

10.2 

1338 

1363 

1*59 

1*36 

14*0 

1*23 

1331 

1301 

2573 

2291 

*00 

1291 

2602 

3037 

16.3 

16.5 

16.* 

15.9 

15.9 

16.7 

16.$ 

13*6 

1310 

1*13 

1*13 

1*2$ 

139T 

1370 

2*79 

2655 

661 

562 

530 

1106 

216* 

27.1 
27.6 
26.6 

26.2 
25.8 
25.* 
25.1 

25.0 

1330 

1290 

1383 

1391 

1**0 

1389 

1393 

1*0$ 

2*71 

2707 

1150 

72* 

166 

790 

790 

*62 

pa,'  *  •  -•« 
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Table  90*  IGNITION  DELAYS  TOR  DTCAL IN-OXYGEN- ARGON 


Preaa, 

pel* 


Temp, 

Delay, 

Preaa, 

T*“P» 

Delay, 

Preaa, 

re*P# 

1 

|iKC 

P«U 

1 

iieee 

peU 

*K 

6.8 

1200 

3186 

8.9 

12V3 

1611 

8.9 

12>0 

1926 

8.9 

1275 

779 

9.1 

1325 

230 

8.7 

1270 

843 

9.0 

1308 

26 2 

doi  Argon,  m  m  0.1 


10.V 

1218 

1743 

10.4 

1251 

io4o 

10.3 

1261 

561 

10.3 

1295 

32V 

10.8 

1201 

3627 

1243 

439 

28.9 

1233 

159 

1217 

753 

29.4 

1193 

708 

1206 

1106 

29.V 

1204 

474 

1178 

2349 

29-9 

1157 

2956 

1162 

3895 

29.9 

H83 

98C 

30.0 

1172 

1211 

29-9 

1156 

3887 

90Jt  Argon, 


9.3 

1224 

1402 

9.1 

1231 

1204 

9.2 

1266 

405 

9-1 

1241 

905 

9.0 

1259 

938 

9.3 

1196 

1987 

9.6 

II82 

3299 

1321 

24.6 

1187 

667 

24.2 

1200 

369 

24.1 

1226 

1T81 

25.0 

1163 

1977 

25.6 

1164 

2686 

25.8 

1154 

90i  Argon,  SB  m  0.2 


16.0 

1257 

15.9 

1197 

15.8 

1223 

16.4 

1168 

16.5 

1201 

16.4 

1183 

16.5 

1203 

16.1 

1178 

9511  Argon, 


26.4 

1198 

369 

26.5 

1176 

601 

27-1 

1172 

2199 

1235  51V 
1220  1*09 
1219  961 
1190  222V 
1190  25V2 
1170  3161 
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Tatla  90  (Contd-1).  IQHITIOH  DELAYS  FCR  DECALIN-OXI  GgX- ARGON 


Pnii) 

pel* 

Toap, 

1 

D«lty, 

|iMO 

Presa, 

palm 

Teap, 

1 

Delay, 

mmo 

Preaa, 

peia 

7aap, 

•K 

Oalacr, 

uaco 

95*  Argon,  FR  -  0.2 

9-* 

9.0 

9.2 

9.9 

9.7 

9.1 

1260 

125* 

1300 

1250 

V»J 

1252 

1075 

1203 

362 

1620 

3678 

1560 

15.* 

15.* 

15.8 

16.2 

15.8 

16.5 

1267 

1253 

1238 

1228 

1177 

1229 

*57 

6*5 

1231 

1971 

3626 

187* 

26.1 

25.9 
25.6 
26.3 
26.5 

26.9 
26.9 

12*4 

1266 

12*6 

1226 

1220 

1219 

1211 

1006 

326 

6*9 

1809 

1935 

1606 

2057 

99*  Argon,  EB  «  0.2 

8.8 

8.T 

8.7 

9-0 

9.1 

1265 

1282 

1317 

1385 

1388 

2195 

1**8 

1078 

354 

322 

15.2 

15.3 

15.2 
15.* 

16.2 

15  9 

1321 

1302 

1265 

12*9 

12*7 

121* 

*** 

632 

125* 

1593 

2092 

2850 

25.6 

25.0 

,?*.0 

25.6 

26.0 

26.2 

1266 

1271 

1295 

123* 

122* 

1207 

8*7 

785 

**2 

1681 

28*5 

99*  Argon,  ER  -  0.9 

9.8 
9-* 
9.5 
9.1 
9.0 

9.9 
9.9 

137V 

1356 

1380 

1393 

1*15 

1320 

13*9 

1063 

1*** 

903 

711 

325 

3633 

2179 

15.7 

15.5 

15.5 

15.1 

16.2 

16.5 

1322 

1337 

1372 

1360 

1311 

1296 

1*66 

12*7 

515 

707 

2227 

2726 

26.6 

26.0 

25.2 

25.* 

25.5 

26.5 
26.8 

1327 

1336 

13*8 

1376 

i.361 

1281 

12-/6 

1*0* 

1215 

609 

193 

321 

2212 

2663 

99*  Argon,  EB  *  1.0 

9-9 

10.0 

9.B 

9.6 

9*f 

9.6 

1 

3223 

2860 

21*9 

1571 

U15 

395 

16.5 
15.9 
15.8 
15.7 

16.6 
16.4 

1398 

1395 

1*20 

1*07 

1356 

1363 

1*67 

977 

*56 

653 

2586 

2137 

27.* 

27.3 
26.9 

26.3 
25.8 
26.0 

1323 

13*7 

136* 

1388 

1397 

1*22 

295* 

2130 

17*9 

1106 

717 

393 
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Table  91.  IGNITION  DETJtfS  FCR  llSHEUJDY)ffi"-OXycCH«ARQOH 

•  Delay  times  for  early  ignition. 

[  ]  Delay  tlaee  for  two  Ignition  points 
on  the  seas  shock  tube  run. 


Press, 

pels 

Temp, 

*K 

Delay, 

uoeo 

Press, 

pais 

Temp, 

*K 

Delay, 

usee 

Press, 

psia 

Temp, 

1 

Delay, 

}JM0 

90 fa  Argon.  ER  ■  0.1 

1 _ 

1?<9 

14.3 

14.4 
14.3 

13.7 

14.1 

14.2 

14.8 

15.8 
13.8 
15.0 
13-9 

1426 

1400 

1341 

1280 

1212 

1178 

1215 

1193 

1180 

1361 

1484 

1316 

155 

C214 

528 

643 

965* 

2255* 

1064* 

2032* 

2313* 

249 

82 

554 

95V  Argon,  BR  «  0.2 

8.5 
3.4 
Ls.s 
re.o 
Lb.i 

8.7 
0.1 
8.3 

8.3 

8.8 
8.8 
8.8 
[3.7 
la.9 

9.3 

8.6 

1436 

1456 

1471 

1432 
1449 
1563 
1463 
1443 
1412 

1433 
1375 
1312 
1242 
1291 
1332 
1326 

531 
193*1 
542  J 
130a1 
546  J 
8t* 

144* 

610 

571 

567 

543* 

785* 

2430*7 

983*J 

2189 

1703 

14.0 

14.7 

14.5 
14.0 

14.7 
14.9 

14.8 

15.2 

15.5 

15.3 
15.7 
16.1 
16.0 

1378 

1466 

1480 

1478 

1574 

1569 

13^7 

1372 

1328 

1279 

1322 

1312 

1T69 

833 

216 

224 

187 

104 

110 

502 

884 

1040 

2546 

1387 

1609 

3006 

23.5 

24.3 
24.1 

24.1 

24  !6 
24.8 
24.8 
25.0 

25.3 

25.1 

24.5 

1344 

1414 

1387 

1372 

1325 

1331 

1327 

1287 

1267 

1233 

1249 

1249 

533 

191 

226 

360 

832 

818 

380 

988 

1314 

3134 

2896 

2559 

(ContinuedT 
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Table  92.  IGNITION  OKTAYS  FOR  "£HEIJJ7YitE"  H- 
OXS GEN-AflQON-MIXTOHES 


Press, 

pcla 


Delay, 

Press, 

Temp, 

Delay, 

Press, 

usee 

pa  la 

•k 

usee 

psia 

80*tn  Argon,  ER  -  0.1 


9 5$n  Argon,  ER  -  0.1 


1470  108 
1428  136 
1555  308 


Delay, 

lisec 


1261 

1247 

Pi 

BH 

24.0 

24.1 

1264 

12^9 

321 

92 

1245 

256 

23.7 

601 

1191 

1507 

24.3 

1201 

785 

24.2 

1151 

1539 

24.7 

1147 

3195 

1537  59 
1472  65 
1450  156 
1447  84 
1382  99 
1312  365 
1265  730 
1217  1715 
1257  676 


95*  Argon,  ER 

-  0.2 

9*3 

1423 

228 

1432 

130 

8.5 

1311 

G29 

1514 

73 

9.1 

1392 

368 

1412 

143 

8.6 

1323 

572 

1376 

241 

9-0 

1311 

953 

1408 

155 

9.2 

1291 

1196 

1354 

269 

9.7 

1286 

3622 

15.1 

1334 

362 

15.2 

1288 

676 

15.6 

1246 

1483 

15.8 

1225 

3403 

Continued 
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Tablj  92  (Contd-1). _ IGNTTIOH,  PHUYfj  FOR  "GHEIIDY^11  H 

OXYG) :.W-ARCOH-MI%TORFS  ^ ~ 


Pros*, 

pala 

Temp, 

*% 

Delay, 

useo 

Press, 

pala 

Teap, 

•K 

Delay, 

nsec 

Press 

pala 

9&1>  Argon,  ER 

«  0.2 

6.6 

1285 

19^5 

14.9 

1519 

247 

23.7 

e.T 

1717 

12.5 

15.1 

1567 

155 

24.2 

6.8 

i6n 

132 

15.0 

1456 

368 

22.9 

9.0 

1667 

145 

15.0 

1393 

551 

24.1 

9-0 

1611 

209 

14.8 

1295 

3033 

24.1 

9.1 

1590 

215 

15.4 

1385 

557 

24.1 

24.6 

y&jL  Argon,  KR 

-  0.5 

8.6 

382 

9.0 

■  rtnl 

167 

9.5 

BTuia 

I80 

9-0 

1466 

612 

9.0 

1418 

6J9 

9.4 

1465 

478 

8.T 

1382 

8o4 

90 

1425 

432 

9.3 

1376 

947 

9.4 

1372 

1154 

9.7 

1372 

2867 

L4.4 

1503 

220 

L4.9 

1525 

191 

L5.4 

1507 

200 

L5.0 

1433 

328 

L5.2 

1397 

471 

L5.0 

1295 

1602 

L5.7 

1295 

ITI6 

1461 

183 

►  .4 

1442 

236 

u4 

1377 

463 

>.0 

1331 

747 

i.l 

1280 

1500 

.9 

1261 

3046 
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Table  93*  IGNITION  ljgLXYS  FOR  DiTO-OXyCFil- ARGON 


Preen, 

pels 

Temp, 

*K 

Delay, 

ll»C 

m 

Delay, 

11800 

Prete, 

pole 

Delay, 

p0«0 

80%  Argon,  JR  ■  0.1 

1 

1553 

1436 

1432 

1436 

1394 

1331 

1225 

1253 

282 

388 

1% 

486 

910 

3969 

3122 

150 

15.5 
14.7 
15.2 

13.9 
16.0 

15.9 

16.6 

1351 

1393 

1283 

1292 

1287 

1248 

1187 

1250 

219 

80 

278 

332 

884 

466 

3768 

912 

25.6 
23.9 

24.7 
26.0 
26.0 
26.3 

1316 

i22e 

1230 

1225 

1161 

1208 

92 

249 

495 

660 

3699 

1329 

90%  Argon,  ER  -  0.1 

8.8 

8,9 

9.2 

9.5 

9.T 

10.3 

1408 

1422 

1421 

1398 

1338 

1331 

252 
179 

253 
419 

1096 

4051 

14.5 

15.6 
15-2 
14.8 

15.4 
16.2 

16.4 
16.0 

1346 

1453 

1418 

1307 

1285 

1295 

1256 

1191 

268 

112 

98 

937 

1022 

959 

1268 

3855 

25  .B 

24.5 

25.2 
25.0 

26.2 
25.7 

26.6 

1403 

1320 

1321 

1307 

1256 

1195 

1247 

117 

283 

91T 

432 

1079 

3634 

2061 

90%  Argon,  ER  ■  0.2 

9.4 

9.2 

9.6 

9.9 

10.4 

1419 

1425 

1388 

1342 

1334 

_ 

226 

175 

468 

1003 

891 

15.2 

15.8 

15.8 

15.9 

15.8 

16.8 

16.T 

1384 

1449 

1378 

1333 

j.282 

1269 

1215 

261 

127 

230 

331 

IO36 

939 

3348 

250 

26.6 

26.3 

25.3 
26.5 

27.3 

1369 

I388 

1349 

1260 

1255 

1251 

186 

180 

266 

777 

937 

1962 
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Table  94.  IGNITION  DELAYS  FOR  "SHKIXPntB"- 
DgCALm-OXYGFN-ARGOH 


Press, 

Temp, 

Da  lay* 

Press, 

Temp,  Daisy,  Press, 

Temp, 

Daisy, 

p«i« 

* 

|iMO 

pals 

*K  usee  pals 

•K 

Msec 

- 

90i  Argon,  ER  •  0.1 

- - 

1350 

357 

1265 

1037 

1254 

1916 

1P63 

1057 

210 

31.5 

1336 

4% 

24.8 

IP90 

649 

25.0 

1208 

1257 

1617 

3303 

3269 

1**29 

1124 

24.8 

1195 

95$  Argon,  SR 


5-6 

1464 

180 

15.0 

1425 

146 

25.1 

1415 

107 

0.9 

1361 

583 

14.6 

1366 

500 

24.4 

1354 

176 

9.2 

1358 

599 

15.3 

1384 

354 

24.0 

1303 

486 

9.1 

1301 

1298 

14.7 

1304 

951 

24.7 

1283 

635 

9.5 

1297 

1600 

15.4 

1320 

571 

25.9 

1281 

1429 

10.1 

1319 

3219 

15.6 

15.4 

15.9 

1302 

1241 

1214 

770 

1419 

3351 

25.6 

1247 

— 

3247 

9ty  Argon,  ER  -  0.2 


1516 

209 

1370 

1116 

14.4 

1407 

305 

23.9 

1391 

1422 

479 

14.6 

1455 

244 

24.0 

1357 

14-7 

1385 

241 

24.3 

1322 

14.0 

1338 

727 

24.4 

1272 

15.5 

1320 

1192 

23.9 

1278 

15.3 

1277 

1594 

99i  Argon,  fR  ■  1.0 


9-5 

1493 

3264 

9.5 

1563 

2686 

9.2 

1598 

730 

8.8 

1601 

486 

9.0 

1679 

327 

2550 

24.4 

776 

24.7 

2732 

25.0 

964 

24.6 

£ 

24.5 

218 

96 

< 


AFAPL-TR-67-H4 
Part  II 


Table  95.  IGNITION  DELAYS  FOR  "SHELLPTfltE" 
BINOK  S-OXICEH-A"GGN 


Preaa, 

pela 

Temp, 

•K 

Delay, 

ueec 

Preaa, 

paia 

Delay, 

■icee 

Preaa, 

pala 

95*  Argon,  ER  -  0.2  j 

8.6 

8.3 

8.3 

1546 

I436 

1273 

386 

323 

3m 

13.9 

14.1 

14.5 

14.6 
14.8 

15.1 

1339 
1382 

1340 

1267 
1220 

1268 

EH 

23.5 

24.1 

23.2 

22.9 

23.9 
23.8 

24.3 

1346 

1343 

1267 
1212 
1276 
1265 

1268 

2T5 

287 

770 

2735 

847 

1023 

1017 

99 *  Argon,  Si  t  1.0 

9.1 

1777 

170 

_ 1 

14.3 

15.0 

15.2 

15.3 
15.1 
15.9 

1466 

1597 

1572 

1476 

1399 

1378 

834 

186 

393 

651 

U65 

2541 

24.5 

24.5 

24.3 

24.1 

25.1 
25.9 
25.8 

1557 

1523 

1479 

1418 

1404 

1356 

1384 

178 

283 

415 

716 

1182 

2569 

1934 
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Tnbln  96.  CHARACTEniSTI  C 
PKOi’tHTI  rVi  OK  F-71 


Hydrogen- Carbon  Ratio 
Molecular  Weight 
Critical  Temperature 
Critical  Prfieouro 
Critical  Volurxs 
Melting  Point 
Heat  of  Combustion 
Normal  Boiling  Range 


2.16 
177.3 
737  *F 
252  psia 
0.0683  ftVlb 
-51  *F 
16930  Btu/lb 
V20-543  *F 


abla  97.  LIQUID  PROPERTIES  OF 
F-71  AT  SATURATION  PRESSURE 


Taoporttura, 

*F 

Ha*  t  of 
Vaporlutlon, 
Bio/lb 

0 

IS7.7 

100 

148.7 

100 

»38.f 

300 

177.7 

too 

H4.8 

SCO 

88.8 

600 

76.1 

7C0 

44.4 

Specific 


Thtraol 
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Table  99 »  CHARACTERISTIC  PROPERTIES 
OF  TRANS-DECALIN 


Molecular  Weight 
Critloal  Temperature 
Critical  Pressure 
Critioal  Volume 
Heat  of  Combustion 


138.5 
76T  *F 
1+22  paia 
0.0565  ft®/lb 
18,289  Btu/lb 


Tablo  100.  LIQUID  PROPERTIES  OF  TRANS-DECALIN 
AT  SATURATION  PRESSURE 


Taaparitura, 

IF 

Halt  of 
Vaporization, 
Btu/lb 

Vapor 

Praaaura, 

pala 

Specific 

Halt, 

Btu/lh-7 

Oanalty, 

Ib/ft* 

Vlicoalty, 

Ib/ft-hr 

Tharaal 

Conductivity, 

Btu/ft-br*F 

Enthalpy, 

Btu/lb 

0 

150.3 

0.001 

0.366 

56.3 

1.74 

0454 

.173.3 

100 

M3.2 

0.065 

0.423 

534 

1.879 

0458 

•135.5 

200 

*35.2 

0.905 

0.475 

51.1 

0.967 

0461 

.  90.6 

300 

126.0 

5.75 

0.520 

48.2 

0.642 

0462 

-  40.4 

400 

IIS.I 

22.3 

0.563 

45.1 

0.464 

0461 

14.3 

500 

101.8 

62.5 

0.606 

41.6 

0.352 

0459 

72.6 

too 

84.6 

141.5 

0.660 

37.4 

0.271 

0456 

135.8 

700 

58.9 

2784 

0.784 

31.6 

0,201 

0.053 

206.7 

284 
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[able  101.  GAS  PROPERTIES  OF  TRAMS -DECALIN 


i»f  rw 


O-^l*  O.J*)*  €..*>*  C.l**.* 

O.Qhl*  O.fVJI  0.0***  0. £■.-!'» 

O.oaU  0  *VM  O.^n  G.**A 

0.0»>«  0.0*11  t.'6a6 

tVraal  GaaiwfllvtV*  l-.W'ri-hfw’f 


o.:.»*<  0.1U7 

3.14b  ©.‘I* 

«.>V« 


5.CV.1  I  *.w«0»  I  0.1  91  j  O.lOiN  11(1 

o.vjrr  0.1*1*  I  0.0*  1  o.^v  o.m«j  *>.vn  I  0.015  «•» ** 


l-.OkJO  0.04*3  {  C.0*T5  O.C->*6  0.1''  T 

u.o**45  o.o*Tj  j  c.o>,«  o.o*  %  o.ir.f* 

Aparin*  tt*\  ttV»*-‘P 


».»•»  I  0  o.n 

'..aw  M-T31 


o.ip 

0.5f» 

0.609 

«.*!1 

0.*>1 
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Table  102.  CHARACTERISTIC  PROPERTIES 
OF  MSHELLDTNKn  T.I 


Critical  Tompsrature 
Critical  Pressure 
Critical  Volume 
Heat  of  Combustion 
Normal  Bolling  Point 
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0.04T8  ft*/lb 
17845  Btu/lb 
501.8  *F 
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Table  103.  UQUID  PROPERTIES  OF  "SHELLDYNE"  AT  SATURATION  PRESSURE 
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Table  104 


GAS  PROPERTIES  OF  "SHELLDYNE" 
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Table  loU  (Contd-2).  CAS  PROPERTIES  OF  "SHELLDYNE" 
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167,  170,  171,  176,  177,  184,  190,  191,  192,  193,  194,  195,  196,  197» 

198,  199,  200,  202,  211,  224  ,  247,  258,  259,  261,  263,  275,  276,  290, 

292  295  301,  302,  303,  305,  307,  320,  342,  343,  358,  3°1,  363,  3j4, 

St  376!  377^,  378,  379,  38i,  388,  400,  405,  414,  433.  443,  454,  458, 
459,  460,  475,  476,  483,  493,  506,  507,  508,  509,  510,  512,  514,  51t> 


